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Abstract
Salt marsh habitats are prevalent throughout coastal New England and offer a wide range
of ecological services, including serving as nursery habitats to both transient and resident
species, trapping sediment and nutrients to keep pace with rising sea levels, and improving water
quality through filtration of runoff. These complex habitats remain poorly understood, especially
regarding the biological communities that occupy them. The northern temperate salt marshes that
characterize the coast of Northern New England contain northern temperate salt marsh pools
(NTSPs) that serve as important wildlife habitats with unique abiotic conditions and biotic
communities. The isolated nature of these pools from their estuary mainland, with the exception
of inputs from infrequent tidal flooding, allows them to be characterized as islands in the context
of island biogeography theory. Here, I assess two island biogeography variables, island size
(pool volume) and connectivity (distance of pools from a tidal creek), to determine their effect on
the abundance, species richness, and biodiversity of NTSPs. Data from this study indicated that
NTSP size is positively correlated with both organism abundance and species richness, while
NTSP connectivity is correlated with biodiversity.
The monitoring of ecosystems using passive acoustic techniques has gained increasing
popularity in recent years, as it is cost effective, and less time intensive than traditional
biodiversity surveys. To expedite the process of analyzing recordings, many acoustic indices
have been developed to analyze soundscape recordings. During this study, I used passive
acoustic methods to monitor 20 NTSPs during the summer of 2021 to determine whether
acoustic indices in the R packaged soundecology and seewave (H, BIO, ACI, ADI, AEI, and
NDSI) highlight relationships between NTSP soundscapes with the abundance, species richness,
and/or biodiversity of their inhabitants. This analysis determined that the AEI index had the
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strongest correlation with organism abundance and species richness, while only the maximum
values produced by the BIO index correlated with NTSP biodiversity. This analysis also
determined that the abiotic variable pool volume was positively correlated with ACI and AEI
index values, as well as maximum values from the BIO index. While correlations between both
biotic and abiotic variables and acoustic indices were found, it is recommended that acoustic
indices designed for aquatic use are created, as there are many differences between aquatic and
terrestrial soundscapes.

ix

INTRODUCTION
Estuarine Salt Marshes
Coastal wetland ecosystems are generally known to be nursery habitats for both resident
and transient fish species. However, they are highly variable and complex in hydrology and
biology and are therefore not well understood ecologically (Boswell et al. 2010). At an
increasing rate, these systems are coming under threat primarily as a result of wetland
degradation. Due to the popularity of living on the coast, increased urbanization and
development have destroyed and degraded coastal ecosystems around the world (McCauley et al.
2013). Wetlands, defined as transitional lands between terrestrial and aquatic systems, account
for a staggering 90% of land loss within the United States (Dahl 2000; Boswell et al. 2010). This
trend is nationwide; in Louisiana over 50% of coastal wetlands have been submerged since 1956,
while in Orlando, Florida, over 26% of wetlands were lost within the past 20 years (Beriner et al.
2006; McCauley et al. 2013). It is becoming increasingly essential to understand these systems
and their ecological value in order to protect them.
Because wetlands and estuaries are boundaries between the land and the sea, it is
important to account for both the terrestrial and aquatic influences on their ecological processes.
Small fish living in marshes tend to move to shallow refuges to avoid aquatic predators;
however, this increases their proximity to terrestrial predators such as mammals and shorebirds.
Although wading birds are often solitary feeders, they have high energetic requirements and need
a large amount of food (Crowder et al. 1997). One study done in North Carolina tested the
nonadditive effects of southern flounder and wading shore bird predation on Norfolk spot
(Leiostomus xanthurus) in salt ponds (Crowder et al. 1997). They predicted that due to the lack
of refuge for the spot in both shallow and deep water, their survival would be reduced. Although
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the effect of birds on the Norfolk spot population was determined to be low overall, they did
substantially reduce their survival relative to the controls. Counterintuitively, Norfolk spot
survival increased with both predators, which could be attributed to the predator species
interfering with one another, or undocumented spot predator avoidance behavior. This and other
similar studies have observed that life in small pools often represents a trade off from one
predation guild to another (Kneib 1986; Carey et al. 2011).
Northern Temperate Salt Marshes and Salt Pools
In northern New England, the most prevalent type of coastal wetlands are salt marshes.
The North Atlantic states contain approximately 14.4% of extant salt marshes in the United
States, and Maine is on the top 10 list of states with the highest salt marsh acreage (Wilson
2010). These marshes are typically formed at the mouths of rivers as they run into the sea and are
often dominated by salt tolerant grass species. While Spartina alterniflora occupies lower marsh
elevations, Spartina patens and Juncus gerardi cover higher elevations (Harshberger 1916;
Wilson 2010) with differing inundation regimes. Far less research has been done regarding
coastal marshes in the northeastern United States than in North Carolina and other southern
systems, which experience much milder winters, as well as different geomorphology, climate,
hydrology, and ecology (MacKenzie and Dionne 2008). Maine salt marshes, classified as
northern temperate salt marshes, experience greater tidal variation, and more yearly ice
disturbance effects. Northern temperate salt marshes are differentiated from more southern
marshes by their mid-elevation areas that exhibit sparse vegetation at times, and higher species
diversity (Ewanchuk and Bertness 2004). They also tend to be more waterlogged and anoxic.
Northern temperate salt marshes are commonly peppered with salt pools, water filled
depressions that remain flooded throughout the tidal cycle (Harshberger et al. 1916; Wilson
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2010; Noël & Chmura 2011). The morphology and species composition of these pools are much
less understood compared with marsh vegetation communities (Wilson et al. 2009). Most
contemporary researchers agree that northern temperate salt marsh pools (NTSPs) originate
independently and are secondary features of marshes that are formed when rafts of algae, tidal
wrack, and/or snow patches suffocate underlying marsh plants, with erosional forces forming
shallow, steep-sided depressions. These basins then become filled with water by subsequent high
tides, thus creating salt pools (Harshberger 1916; Wilson et al. 2009; Wilson 2010), that persist
for long durations. These pools remain static for most of the time and are infrequently recharged
by the ocean during abnormally high (e.g., King) tides. These flooding events are highly
variable, as high marsh flooding in the Little River River estuary in southern Maine can vary
from 2-40% of flood tides (Mackenzie & Dionne 2008). Salt pools are also intermittently
connected to the estuary by tidal creeks, allowing for species to migrate in and out of them
(Mace & Haffey 2019). When these pools are isolated from an ocean source, their hydrology is
determined by precipitation, runoff, and evapotranspiration (Rowe and Dunson 1995). As a
result, the salinity can vary greatly between pools (from 4-41 ppt), and within individual pools
throughout the year (Mackenzie 2005; Noël & Chmura 2011). These pools are dynamic and
change at varying rates depending on sea level changes, sedimentation, rainfall, and human
impacts (Wilson 2006). These widely variant physical conditions pose physiological challenges
to occupying organisms, that must have a euryhaline and generalist physiology in order
withstand these variations (Nicol 1935; Noël and Chmura 2011; Mace and Haffey 2019).
Much of the work on the ectomorphology of northern temperate salt pools was conducted
in the adjacent Webhannet Estuary in Wells, Maine (Wilson 2010). The results of soil cores
suggest that most of the pools located in at the site were of secondary origin, with tidal marsh
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peat signatures rather than tidal flat signatures that would have suggested a primary origin.
Wilson also discovered that salt pools are highly dynamic in both size and shape. Of the 30 pools
analyzed using historical aerial footage, all of them had changed in area, either shrinking or
growing individually. Ultimately, 80% of the pools shrank, disproving the hypothesis that salt
pools eventually contribute to marsh fragmentation and wetland loss (Wilson 2006).
Salt Pool Biology
Northern temperate salt pools serve as important habitats for a variety of fish,
invertebrates, and plants, as well as to birds and other terrestrial animals who forage in them.
These species are mainly derived from subtidal habitats, and usually are transported into the
pools during tidal flooding or disperse from spawning events within the marsh during flood tides
(Rowe and Dunson 1995). Due to the varying depths and water quality conditions of each pool,
they each may contain a different variety of species. A study done by Mackenzie (2005) in salt
marshes in Wells Maine quantified the composition and seasonal emergence of benthic
macroinvertebrates, specifically insect larvae (mainly in the genera Chironomus and Tanytarsus),
using emergence traps. Species diversity and evenness were highest in the salt pools with the
greatest emergence peaks in the Spring and Fall, which coincides with the breeding and nesting
periods of some marsh dependent birds. The emergence flight of many of these aquatic insects,
lacking speed and maneuverability, leave them an easy and nutritious target of foraging march
birds and other small insectivores. Knowing the distribution and emergence patterns of small
invertebrates within salt pools is important, as they are a primary food source of juvenile
mummichogs (Fundulus heteroclitus), one of the most ubiquitous salt marsh fish species (Kneib
1986; Mackenzie 2005; Dijkstra et al. 2013), and likely serve as food sources for other salt pool
occupants. While measuring insect emergence represents one method to describe salt pool
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biodiversity, it does not account for the broader community of organisms that spend the entirety
or portions of their lives in these small aquatic microcosms.
As the water level and salinity of salt pools can rise and fall dramatically, species living
in them must be adapted for these types of environmental changes. An experimental study done
by Rowe and Dunson (1995) in Virginia salt pools studied the effects of salinity and total fish
density of three minnow species (Cyprinodon variegatus, Menidia beryllina, and Lucania parva)
over a 60-day period. The mortality of all three species increased during the highest initial
density treatment and decreased during the lower density trials. The growth rate of the fish
increased as fish density decreased, likely as a result of less intraspecific competition. In a
natural setting, a higher concentration of fish could also lead to an increase in predation due to
the increased conspicuousness of a large group of prey animals. The growth rate of the minnows
also increased in pools with very low salinity, which is likely an adaptation to the presence of a
freshwater predatory beetle that can occur in salt ponds with low salinity. Since all of the
minnows used in this study are euryhaline species, variation in salinity was not observed to
influence growth and mortality. Higher salinity was correlated with lower dissolved oxygen
levels; however, the minnows used in this study were tolerant of low oxygen environments
(Rowe and Dunson 1995). Although the three minnow species in this study have evolved to
endure many of the abiotic and biotic variations that occur in salt pools, other species may only
be able to tolerate pools with a narrower range of physical conditions.
Although the three minnow species studied are typical of marshes south of Maine and
New Hampshire, northern temperate salt pools have populations of salt pool living minnow
species as well. One of the most prevalent of these species is the mummichog, Fundulus
heteroclitus. Mummichogs are believed to be the most important resident fish in most northern
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temperate salt marshes because they are a dominant component of the ecosystem, are highly
productive, and serve as an essential link between salt marshes and nearby estuaries (Able et al.
2012). A study in Maine’s Webhannet Marsh and Moody River Estuary discussed how being
confined to salt pools affects the growth rates and secondary production of F. heteroclitus, as
well as describing the hydrological differences between the pools and main channels (Mackenzie
and Dionne 2008). This study found that while salinity and temperature were higher in salt pools
than in the main channel, dissolved oxygen did not significantly differ. It also found that male
mummichogs with access to the marsh surface had a higher growth rate than those who did not.
However, mummichogs have been observed to exhibit high site fidelity; in another study only
7% of tagged mummichogs had strayed from the pools they had been released into (Hunter et al.
2007). The high site fidelity exhibited by mummichogs would make them a good indicator
species of individual salt pool health. Although there is no research to support sound producing
capabilities in mummichogs, if they were discovered to produce sounds, they would be an ideal
candidate species for acoustic monitoring due to their hardiness and prevalence throughout
northern temperate salt marsh habitats.
Island Biogeography Theory Applied to Salt Pools
Due to the isolated nature of salt pools, with the exception of infrequent tidal flooding
and potential underground connectivity, they are essentially islands themselves, with limited
connectivity to their estuary mainland (Watson 2002). A book published in the 1960s introduced
the theory of island biogeography (Macarthur and Wilson 1967). One of the hypotheses in this
seminal publication is that species richness in an island environment is dependent on the island’s
size, its age, and its isolation from source regions. Larger islands provide more habitat
heterogeneity and a wider variety of ecological niches that lowers interspecific competition,
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leading to lower extinction rates and higher species richness. According to this theory of island
biogeography, more isolated islands should receive fewer immigrants, leading to a lower species
richness (Macarthur and Wilson 1967). Due to the lower gene flow experienced by organisms on
these islands, they are expected to evolve to produce locally adapted populations and more
endemic species. Another aspect of this theory is that older islands have had more time for
immigration and speciation, and therefore are expected to show both increased species richness
and endemism (Macarthur and Wilson 1967). Although traditional islands are defined as ‘a piece
of land surrounded by water’, isolated mesocosms such as salt pools could be considered islands
for the purposes of biogeography studies (Whittaker and Fernández-Palacios 2007). Lakes,
ponds, and salt pools are analogous to real islands, and are considered by some scientists to be
‘inverse islands’ as they are isolated from each other by a sea of land (Lassen 1975). As the salt
pools at the Wells National Estuarine Reserve (WNERR), where my study was conducted, vary
in both size and distance from the shoreline, comparing the biological and soundscape diversity
in each individual pool would be an effective way to test this theory. Historical data showing the
age and changes in the size of the Wells salt pools is also available through aerial footage, so
these factors could be accounted for as well.
Island biogeography theory has been applied to shallow, isolated aquatic freshwater
environments in several studies. One study done in the mid-1970s observed the distribution and
species number of freshwater snails in 86 lakes and ponds throughout Denmark through the lens
of island biogeography theory (Lassen 1975). One aspect of island biogeography theory
postulates that the number of species present on an island are in a dynamic equilibrium between
immigration of new species and extinction. This study found that the dynamic equilibrium
hypothesis generally held true, but that abiotic factors such as eutrophication were also important
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in the distribution of the snail species. When considering island biogeography theory, it is
important to remember that abiotic factors of salt pools such as salinity, pH, dissolved oxygen,
and depth could also alter their species composition. Another more recent study tested the
performance of IBM (Island Biogeography Modeling) by looking at patterns in abundance and
diversity of fish, macrophytes, and invertebrates in 104 shallow Minnesota lakes (Nolby et al
2015). While this study found that fish species richness and biodiversity increased with both lake
size and connectivity, macrophyte and invertebrate diversity were not associated with either
factor. Invertebrate richness and biomass were much more dependent on the presence and
concentration of the fish predators, showing that species interactions can be equally as important
as size and connectivity in determining an island’s biodiversity (Nolby et al. 2015). Another
island biogeography study in freshwater lakes investigated which limnological and geographical
variables best predict mollusk diversity (Harris et al. 2011). This study found that shoreline
length (SL) and development (SD) were better predictors of mollusk diversity than lake area,
likely because SL better predicts the available littoral habitat area that mollusks use most often.
Since salt marsh pools are fairly shallow (around 1 m deep at most), all of the habitat that they
encompass is considered littoral. In all of these investigations of IBM in freshwater lakes, some
aspects of the IBM predictions were supported, while others were influenced by abiotic and
biotic variables outside of these predictions.
IBM has also been studied in marine environments to study the biogeographical
distribution of tropical reef species. Although reefs are all connected to one-another by the
ocean, many are isolated by vast expanses of open ocean that many reef species cannot cross.
One study on the biogeography of Caribbean reef fish looked at the biodiversity and richness of
reef fish species off 24 island nations representing a wide range of isolation, island area, and reef
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area (Sandin et al. 2008). This study found that the predictions of IBM held true in these reefs,
with a positive relationship between fish richness and island area, and a negative relationship
between fish richness and degree of island isolation. There was also a positive effect of reef area
on fish richness, although to a weaker degree than island area. Temperature did not appear to
affect speciation within Caribbean reefs, but this may be due to the small degree of temperature
variation within the study area (Sandin et al. 2008). A similar study conducted in 2015 attempted
to understand whether biogeographical patterns between species richness and island area, age,
and isolation exist in the marine habitats surrounding Atlantic oceanic islands (Hachich et al.
2015). To examine these relationships, species richness data for reef fish, gastropods, and
seaweeds were collected. Hachich et al. (2015) found that island area was the best predictor of
gastropod and seaweed richness, while island age was the best predictor of fish richness. Unlike
terrestrial islands, the constant connectivity of marine ‘island’ habitats to one another decreases
the likeliness that island age contributes to the proportion of endemic reef fishes, which was
shown in this study. This can be largely explained by the high dispersal capacity of marine
organisms, most of which produce larvae that can disperse vast distances in planktonic form
(Carr et al. 2003; Hachich et al. 2015). This is noteworthy when looking at salt marsh pools,
where a high degree of connectivity with the estuary largely eliminates the possibility of
endemism.
Soundscape Ecology
The analysis of aquatic soundscapes is an underutilized tool for assessing diversity in
aquatic habitats, such as NTSPs. The analysis of ecosystem sounds to collect environmental data
is encompassed by the emerging field of soundscape ecology. The term soundscape in this
context is defined as the relationship between a given landscape and the composition of its
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sounds (Pijanowski et al. 2011). Every ecosystem has a unique soundscape composed of varying
levels of biological, geophysical, and anthropogenic soundscapes. Biological and geophysical
sounds, referred to as biophony and geophony respectively, make up the natural components of a
landscape while anthropogenic sounds (anthrophony) are created by human activities
(Pijanowski et al. 2011). In recent years, passive acoustic surveys have gained increasing
popularity for assessing the biodiversity of sound producing species (Sugai et al. 2019). Taking
acoustic recordings in a given ecosystem can be much more cost effective, and less time
intensive than many traditional biodiversity surveys and generates an easily accessible
permanent record (Aide et al. 2013). Passive acoustic monitoring could be particularly useful in
environments with low visibility such as dense forests or aquatic habitats, as sound propagation
is less affected than other sensing methods (such as visual detection or netting) by obstacles
(Desjonquères et al 2020). The monitoring of ecosystems using passive acoustic techniques has
been used to study tropical and temperate forests (Depraetere et al., 2012; Rodriguez et al. 2014),
urban areas (Fairbrass et al. 2017), plains (Mullet et al. 2015), the open ocean (Parks et al. 2014),
coral reefs (Bertucci et al. 2015), several freshwater habitats (Greenhalgh et al. 2019), and
temperate coastal waters (Rossi et al. 2016; McWilliam & Hawkins, 2013).
Soundscapes include the unique spectral signatures of those species captured in time and
space in the sampled ecological community. In many cases, individual organisms can be
identified to species level through the use of spectral analysis. Spectrograms show acoustic
frequencies over time and are able to denote the intensity of a sound across its spectral
components (Pijanowski et al. 2011). Each species capable of producing sound has a unique
spectral signature that can be identified manually, or through software programs that use various
forms of supervised or unsupervised spectral classification. Programs such as the R packages
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monitoR and SEEWAVE, Raven Pro, Kaleidoscope Pro, Matlab-based ASI, and WASIS are able
to match the spectral signatures obtained from an ecosystem recording to those of previous
sounds placed in a reference library to identify calling organisms (Both and Grant et al. 2012;
Sueur et al. 2014; Machado et al. 2017; Hafner 2018; Tacioli 2017; Fakiris et al. 2019). In some
cases, the calls of individual members of a species can convey information regarding abundance,
position, body size, and even motivation (Sugai et al. 2019).
Sounds from passive acoustic recordings can also be analyzed to calculate indices of
acoustic diversity. As of 2018, sixty-nine different acoustic indices have been used in a total of
71 publications in both terrestrial and aquatic environments with varying degrees of success
(Buxton et al. 2018). Among the tools used to extract spectral information from soundscape data
to produce indices, there are several programs within R statistical software (R Core Team, 2019)
that can be used to analyze different aspects of soundscapes, particularly those included in the
soundecology package (Villanueva-Rivera and Pijanowsji 2018; R Core Team, 2019). Using the
R-based Normalized Difference Soundscape Index (NDSI), the balance of natural and
anthropogenic sounds that make up an ecosystem can be quantified (Fairbrass et al. 2017). NDSI
values vary between -1 (all anthropogenic sounds) and +1 (all biological sounds) (Fakiris et al.
2019). The index operates under the assumption that the anthropogenic noise within an
ecosystem is limited to lower frequency ranges (under 2 kHz in terrestrial environments, by
default), while biological sounds occur at higher frequencies (Eldridge et al. 2016). However,
low frequency sounds can travel thousands of meters in water with very little degradation,
causing many marine species to vocalize at lower frequencies than terrestrial animals (Lillis et al.
2014). As a result, the NDSI index must be parameterized based the lowest frequency of
biological noise present. Indices within the soundecology package that are used to determine the
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diversity and complexity of an ecosystem are the Acoustic Complexity Index (ACI), Acoustic
Evenness Index (AEI), Acoustic Diversity Index (ADI) and Bioacoustic Index (BIO) (Bertucci et
al. 2016; Machado et al. 2017; Mammides et al. 2017; Rajan et al. 2019). The Acoustic Entropy
Index (H) measures the spectral and temporal entropies of sound recordings and uses the
Shannon-Wiener diversity index to differentiate species (Mammides et al. 2017).
As a relatively new tool in the field of soundscape ecology, the reliability of acoustic
biodiversity surveys is still under examination. A study conducted in the Yunnan Province of
South China sought to determine whether measuring bird diversity using acoustic metrics would
be as accurate as visual surveys (Mammides et al 2017). They also tested whether environmental
dissimilarity between the sites that they sampled impacted the results of these acoustic surveys.
Traditionally, point counts are the most common technique for estimating the abundance,
richness, and composition of bird species (Celis-Murillo et al 2008). These point counts require
the availability of highly skilled observers, and fall victim to human error, as they are based
solely on human observation and constrained by observer sensory acuity. Acoustic recordings
were hypothesized to me a more reliable metric for estimating the species diversity of birds in
particular because they are abundant and vocalize prolifically. Acoustic data also can be taken
over longer periods of time, at a lower cost, and a way that is much less invasive to the
environment. From the acoustic data that they recorded, these researchers set out to identify
different species and to measure species richness using seven different R based acoustic indices.
Of the indices tested, the acoustic diversity, acoustic entropy, and acoustic evenness indices
performed the best. Unfortunately, the correlations between the acoustic indices tested and the
richness of bird species did not indicate that the indices alone can be used to monitor bird
populations effectively. To effectively monitor an ecosystem using acoustics alone, an
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experienced expert would be necessary to listen to the recordings and identify the species
manually. However, with the improvement of both the acoustic indices and recording
technology, it is possible to greatly enhance the reliability of widespread acoustic surveys
(Mammides et al. 2017).
Another study of bird biodiversity using several R based acoustic indices was done in the
Brazilian Cerrado, where large scale deforestation makes rapid biodiversity assessments a
necessity. One of the study’s goals was to determine the effectiveness of these indices at
determining an area’s biodiversity compared to the manual identification of species using
Audacity (Machado et al. 2017). The researchers selected two different types of habitat, forest
gallery and cerrado, which were manually determined to have different bird biodiversity and
species richness values (74 and 47 species respectively). Due to the greater structural complexity
of the gallery forest and its relative isolation from anthropogenic sounds, it was predicted to have
a higher ADI value and NDSI value than the cerrado. The results indicated that both the ADI and
NDSI values were greater in the gallery forest than in the cerrado, which is consistent with both
the scientist’s predictions, and the manual survey results. Overall, the results of this study
disagree with those of Mammides et al. in supporting the assertion that the R based acoustic
indices can be a valid alternative to traditional biodiversity and species richness surveys
(Machado et al. 2017), especially in certain environmental conditions where direct observation is
difficult (heavy foliage, nocturnal activity).
The acoustic indices have also been used in several studies to describe aquatic
soundscapes. A study done in the coral reefs of French Polynesia used the ACI to study the
difference in the soundscapes inside and outside of Marine Protected Areas (Bertucci et al.
2016). Fish communities and habitat substrate were surveyed visually as well to determine the
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accuracy of the index. The ACI values showed diel patterns for all of the surveyed sites with
acoustic complexity increasing at dawn and decreasing at dusk. They also showed a significantly
higher acoustic complexity during the day. ACI values in the low frequency band were positively
correlated with the number of fish species counted during the visual surveys. In both low and
high frequency bands, the ACI only had a positive correlation with the Shannon biodiversity
index during the day. Other applications of the ACI to marine environments have not been as
successful in correlating the diversity of fishes with acoustic complexity. A similar study done in
the US Virgin Islands National Park found no discernable patterns between mean ACI values and
species assemblages characterized by visual SCUBA surveys (Kaplan et al. 2015). A study done
in a sheltered inlet off the coast of Ireland used the acoustic indices ACI and ADI in soundscape
analysis (McWilliam and Hawkins 2013). While their results did not compare the values from
the indices with species richness or biodiversity, they did show strong correlations between the
number of snapping shrimp vocalizations and the peak ACI and ADI values. This demonstrates
the potential use of the soundecology indices in quantifying the calls of vocalizing species.
Merits of Studying Aquatic Soundscapes
Due to the overwhelming biological importance of acoustic information in aquatic
ecosystems, research tools and computational tools to study aquatic sound are rapidly advancing
this research frontier. The high efficiency of sound transmission in water makes ocean
soundscapes particularly important to marine organisms and ecological processes (Lillis et al.
2014). Unlike many sensory signals such as light and chemicals, sound is propagated at all
depths, and is minimally affected by currents. The combination of biotic and abiotic sounds in
the ocean are unique to each type of marine ecosystem. These sound signatures are hypothesized
to direct larval reef fish and invertebrates toward coastal areas where they can successfully settle,
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grow, and reproduce (Radford et al 2010; Rossi et al. 2016). Other important functions of sound
to marine organisms include navigation, reproduction, defense, territorial displays, and foraging
(Lillis et al. 2014). Biological sounds in the ocean also include artifactual noises, such as those
produced by the movements of schooling fish or feeding invertebrates (Moulton 1960; Radford
et al. 2010).
The widespread use of underwater acoustic systems for warfare during World War II led
to increased scientific interest in the underwater biotic soundscape and the species that
contributed to its complexity (Fish et al. 1952). This prompted a list of all known noise
producing aquatic animals to be compiled, which only included 14 families of fish and 17
families of crustaceans (Fish et al. 1952). By 1946, 31 more fish families alone had been added
to the list, making it apparent that noise producing marine species could number in the
thousands. In the years since the post-WWII pulse of studies in marine sounds and soundscapes,
it has become clear that likely millions of marine species use sound in a variety of contexts.
However, a large portion of the ambient sound in the ocean is caused by abiotic sources such as
meteorological, hydrographical and geological activity, particularly in coastal waters where wind
and wave activity dominate the soundscape (Lillis et al. 2014). These sounds (geophony) tend to
occur at frequencies between 150 and 200 Hz (Radford et al. 2010). Biological ocean sounds
produced by the activity of fish, mammals, and invertebrates often occupy different spectral
ranges than geophysical sound and vary both spatially and temporally (Lillis et al. 2014).
As human beings, we tend to look at biology through an anthropomorphic lens that limits
our studies to information that we are capable of perceiving via out special senses. In order to
understand an organism, its environment, and the ecological community in which it lives, we
must try to understand the environment in which they live as they do. In the early 1900s, a
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biologist named Jakob von Uexkull coined the term ‘umwelt’ to describe the perception of the
world through the sensory capabilities of a particular species (Eaglemen 2019). One of the least
explored dimensions of the umwelt of marine organisms is sound (Kilgour et al. 2010). Males of
many fish species produce sounds during courtship and mating that are species specific
(Locascio et al. 2008). Many studies have shown an increase in fish sound production from dusk
until well after nightfall during the spawning season. One study conducted in an estuary in
Charlotte Harbor, Florida used hydrophones to record fish sound production, and to try to
determine temporal patterns from the estuarine soundscape data they collected (Locascio et al.
2008). They found that the sound pressure level (SPL) of calling fish peaked nightly between
6pm and 10pm, which is likely an indicator of nocturnal mating and spawning behaviors in
estuaries.
Many marine invertebrates such as crabs are also capable of sound production, using a
variety of mechanisms including respiration, convulsion, percussion or rapping, and stridulation
(Boon et al. 2009). The two main modes of stridulation in crabs are thought to be contact friction
of their appendages against the cephalothorax, or of appendages against other appendages;
however, these stridulations have only been observed in twelve species (Boon et al. 2009). A
study on the sound production of two species of mangrove crab found that before producing a
sound, the crabs ceased movement and elevated the front of their bodies. They then positioned
one of their chelae medially so that their claws were touching the substrate and their chelae were
moving against it (Boon et al. 2009). Crabs are capable of perceiving sound in three ways:
internal statocysts, receptor systems located on the body surface, and chordotonal organs. Some
semi-terrestrial crab species have a structure called Barth’s myochordotonal organ located on
each of their walking legs that is capable of detecting substrate borne and/or airborne sounds
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(Horch 1971; Boon et al. 2009). Crabs also make unintentional sounds when moving on rocks or
sand, swimming, feeding, and rubbing their mandibles (Coquereau et al. 2016).
Estuarine Acoustics
There is much that we can learn about the spatiotemporal dynamics of estuaries and
wetlands from on eavesdropping the sounds produced from them. A series of studies done in an
estuarine reserve in North Carolina discovered that soundscapes change significantly over
different time scales, including days, weeks, months, and lunar cycles (Bohnenstiehl et al. 2016).
For one of these studies acoustic data was recorded in a shallow salt marsh environment using
hydrophones that were positioned to stay submerged at even the lowest tides (Ricci et al. 2016).
To get a sense of the soundscape over time, 2-minute recordings were taken in each sampling
site every 20 minutes at a sampling rate of 96 kHz. The results of this study showed that in the
low frequency band, sound pressure levels in the marsh varied over a diurnal time scale that
ranged between maximum and minimum values with a periodicity of 2 cycles per day (Ricci et
al. 2016). The maximum values in this low frequency band occurred during high tides and were
believed to be a result of the chorusing activity of fish brought into the marsh by the rising tide.
The high frequency band, consisting mainly of snapping shrimp calls, peaked at night once in
each 24 hour cycle.
Many of the estuarine acoustic studies that have been done in shallow, temperate waters
have centered around or included snapping shrimp due to the loud and distinctive clicks that they
produce through the rapid closing of one of their frontal chelae (Au and Banks 1998; Mueller et
al. 2020). The sounds produced by snapping shrimp are intense, broad band snaps that often
dominate estuarine soundscapes (Mueller et al. 2020). The shrimps’ higher amount of high
frequency clicks at night were attributed to their nocturnal nature to avoid predation by visual
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predators (Ricci et al. 2016). A similar study, also done in North Carolina, further explored the
temporal cycle of snapping shrimp both daily and seasonally. The researchers from this study
also found that snapping shrimp exhibit a diurnal cycle that peaks at night. On a seasonal scale,
the shrimp averaged 100 snaps per minute in the winter, and over 1500 snaps per minute in the
summer, showing that they are much more active during the summer (Bohnenstiehl et al. 2016).
Research Goals
The overarching goal of this research was to use ecoacoustical approaches to understand
NTSP communities. This goal was explored through two methods; comparing data from
traditional seine net surveys to island biogeography variables, and to values derived from
acoustic indices. No comprehensive biodiversity and ecoacoustics studies have been done in
northern temperate salt marsh pools, such as those found in Wells, Maine. In the WNERR, there
are estuarine marshes with many dynamic salt pools of varying shapes, sizes, elevations, water
qualities, and depths. By conducting biological inventories of salt pools of varying sizes and
distances from the main estuary using monthly seine net surveys, and passive acoustic monitors
to take long term acoustic data in these pools, I plan to identify how the richness, abundance, and
biodiversity of salt pool species relate to the soundscape in these isolated ecosystems. This study
was conducted in the WNERR marsh over the three warmest months of the year, July, August,
and September in the summer of 2020.
In Chapter 1, I will explore whether two of the predictions of island biogeography theory
can explain the abundance, richness, and biodiversity of salt pool species. The first prediction
that I will be examining is that pools with a larger volume are expected to have higher
abundance, richness, and biodiversity of species. The second prediction posits that pools with
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greater connectivity to the estuary will have a higher abundance, richness, and biodiversity of
species.
In Chapter 2, I will use the six indices in the R Soundecology and Seewave packages
(ADI, AEI, BIO, H, NSDI, and ACI) to determine the acoustic diversity of northern temperate
salt pool soundscapes. The soundscapes of each pool will be analyzed in the context of a variety
of geophysical and chemical factors including salinity, temperature, depth, and volume, as well
as biological factors including abundance of organisms, species richness, and biodiversity. This
will show if any sound-producing species are limited by any of these conditions. The soundscape
index values for each pool will also be compared with the biodiversity data produced by seining
to determine whether any of the indices corelate with the abundance, richness, and biodiversity
of salt pool species.
By combining the data from these two chapters, this study can provide a clearer image of
how northern temperate salt marsh pool communities fit Island Biogeography predictions, as
well as whether passive acoustic monitoring can be used to assess the species composition of salt
marsh pools in a cost effective and minimally invasive way.
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Chapter 1: Exploring the species composition of northern temperate salt marsh pools
within the Little River Estuary through the lens of Island Biogeography Theory
Abstract
Salt marsh habitats are prevalent along the eastern coast of Maine and provide important habitats
for both transient and resident invertebrates, fishes, shorebirds, and mammals. The northern
temperate salt marshes that populate the coast of northern New England contain northern
temperate salt marsh pools (NTSPs) that serve as important wildlife habitats. The isolated nature
of these pools from their estuary mainland, with the exception of infrequent tidal flooding and
potential underground inundation allows them to be characterized as islands in the context of
island biogeography theory. Here, I assess two island biogeography variables, island size and
connectivity, to determine their effect on the abundance, species richness, and biodiversity of
NTSPs. The physical parameters of 20 NTSPs were measured, and the biological components of
these pools were inventoried using seining techniques. Data from this study concluded that
NTSP size is positively correlated with both organism abundance and species richness, while
NTSP connectivity is correlated with biodiversity. These findings conclude that the predictions
of island biogeography theory can be used to assess the distribution and abundance of species
within NTSPs.
Introduction:
Coastal salt marsh habitats are extremely important and have been historically valued by
humans for providing food, fuel, building materials, and livestock fodder (Gedan et al. 2011).
They also provide valuable ecosystem services including filtering runoff and pollutants, trapping
sediments and nutrients to keep pace with rising sea levels, providing a buffer against storms,
metabolizing excess nutrients, and sequestering carbon (Carlisle et al. 2002; Gedan et al. 2009;
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Gedan et al. 2011). Salt marshes also serve as nursery habitats to both transient and resident
species, and have a high degree of connectivity to their surrounding estuaries (Drociak & Bottitta
2005). Larger fishes, including species of commercial importance, often venture into marshes to
feed during high tide. In New England, agriculture, port development, and general urbanization
have led to a net salt marsh loss of 37% (Gedan et al. 2011). As this trend continues, it is
becoming increasingly essential to understand these habitats, how they function, and their
ecological value in order to protect them. Salt marshes in northern New England are classified as
northern temperate salt marshes. These marshes are differentiated from more southern marshes
by their mid-elevation areas that exhibit sparse vegetation at times, higher species diversity, and
their tendency to be more waterlogged and anoxic (Ewanchuk and Bertness 2004).
Northern temperate salt pools (NTSP) are common features of temperate marshes
throughout northern New England (Harshberger 1916; Wilson et al. 2009; Wilson 2010). These
shallow, water filled depressions are filled throughout the tidal cycle, and experience tidal
exchange only during particularly high spring tides, as well as storm-induced flooding (Wilson et
al. 2014). These flooding events are highly variable, as high marsh flooding in Maine’s Little
River and Webhannet River estuaries can vary from 2-40% of flood tides for example (Murphy
1991; Mackenzie & Dionne 2008). Salt pools are also intermittently connected to an estuary by
tidal creeks (Mace et al. 2019). The frequency of these tidal inundation events affects the
environmental conditions within each pool, thus affecting the ability of organisms to live in them
(Nicol 1935; Noël and Chmura 2011; Mace et al. 2019).
Northern temperate salt pools are surrounded mainly by two species of salt marsh
grasses. Spartina alterniflora is tolerant of frequent tidal flooding and dominates low marsh
areas, while Spartina patens exists higher in the marsh, typically on slightly sloped surfaces
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between mud flats and tidal creeks (Wilson et al. 2014; P.C. Laura Crane). Between tidal
recharge events, the hydrology of NTSPs is determined by precipitation, runoff, and
evapotranspiration, causing them to vary in salinity, volume, and temperature over time (Rowe &
Dunson 1995). While the morphology, hydrology, stratigraphy, and origination of NTSPs have
been described in recent literature, their macrofaunal species composition, richness, and
biodiversity are not well understood (Wilson et al. 2009; Wilson 2010).
This study examines the distribution and biodiversity of NTSP macrofauna through the
hypothetical lens of island biogeography theory (IBT; Macarthur & Wilson 1967). While IBT
has been well studied and accepted in terrestrial settings, it has not yet been applied to many
types of aquatic habitats, including NTSPs (Hachich et al. 2015). Aquatic habitats have very
different physical properties and biological constraints than terrestrial habitats (Carr et al. 2003),
with one drastic difference being the prevalence of broadcast spawning, which produces larvae
that can disperse vast distances in planktonic form (Strathman 1990; Carr et al. 2003). This,
along with the generally increased connectivity of marine environments allows for putatively
more movement between ‘islands’ than in their terrestrial counterparts (Carr et al. 2003; Hachich
et al. 2015).
Although salt pools are not islands in the traditional sense, they are isolated patches of
habitat separated from their ocean mainland by a matrix of land populated by an exclusively
colonial and marine biota (Watson et al. 2002; Harris 2011). This allows them to be viewed as
islands in the context of biogeography. One of the main assumptions of IBT is that larger islands
provide more heterogeneous environments for organisms, and therefore maintain a higher
species richness and biodiversity (Macarthur & Wilson 1967; Reche et al 2005; Hachich et al.
2015). Another important factor expected to influence the species richness and biodiversity of
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islands is the degree of isolation from their source region, which in the case of NTSPs is the
main estuary (Macarthur & Wilson 1967; Lassen 1975; Mora et al. 2003; Sandin et al 2008;
Hachich et al. 2015). IBT also posits that the older an island is, the greater its richness and
endemism will be, although this is less relevant to salt marsh pools as they are generally
inundated too regularly to generate endemic species complexes, and often exhibit homogeneity
of age across a salt marsh. As a result, this study focuses on pool size and connectivity as the
main response variables influencing macrofaunal biodiversity. Physical characteristics of NTSPs,
such as water temperature and salinity, may also interact with pool size and connectivity to
influence biotic composition and abundance, but this interaction has yet to be described. The
species composition of NTSPs is mainly derived from species occurring in subtidal habitats that
are either transported into the marsh during tidal flooding events, or are the results of adults
reproducing in the marsh during flood tides (Rowe and Dunson 1995). These pools contain
resident species that are present throughout the year, as well as transient species that venture into
the pools in warmer months to take advantage of the marsh’s productivity and the protection it
offers from large predators (Drociak & Botitta 2005). Salt marsh pool nekton are not only
important measures of salt marsh secondary production but serve as important prey items for
protected shorebirds as well (Adamowicz et al. 2002). Mummichogs (Fundulus heteroclitus) are
widely considered the most ubiquitous fish species in NTSPs (Kneib 1986; Mackenzie 2005;
Mackenzie & Dionne 2008; Dijkstra et al. 2013). Mummichogs are a dominant component of the
NTSP ecosystem with respect to biomass, and serve as an essential nutrient link between salt
marshes and nearby estuaries (Able et al. 2012). They also tend to exhibit high site fidelity,
making them a good indicator of salt pool health (Able et al. 2012; Hunter et al. 2007).
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Fish sampling that occurred in NTSPs at the Wells, Maine National Estuarine Research
Reserve identified several other important species occupying these habitats, including the
resident striped killifish (Fundulus majalis), the transient species Atlantic silverside (Menidia
menidia), nine spine stickleback (Pungitius pungitius), four spine stickleback (Apeltes
quadracus), three spine stickleback (Gasterosteus aculeatus), American eel (Anguilla rostrata),
as well as several genera of shad (Alosa spp.) (Drociak & Botitta 2005; P.C. Jason Goldstein &
Jeremy Miller). Resident arthropods that have been found in NTSP include the invasive Eurasian
green crab (Carcinus maenas), as well as common grass shrimp (Paleomonetes vulgaris), and
sand shrimp (Crangon septemspinosa) (Carlisle et al 2002; Drociak & Bottitta 2005; Aman &
Grimes 2016). Chesapeake blue crabs (Callinectes sapidus) are not typically found north of Cape
Cod, but are beginning to appear in Gulf of Maine (GOM) waters as its sea temperatures are
rising faster than 99% of the global ocean due to a northward shift of warm waters from the Gulf
Stream (Pershing et al. 2015). Blue crabs had been found infrequently in Maine waters in the
past from 1948 to 1956, but were absent in the following 4 years (Scattergood 1960). In 2012, a
newspaper report documented the presence of a blue crab north of Cape Cod, one of the first
reports of climate change-associated blue crab movement (Daily News 2012, Johnson 2015). In
the following years, many more blue crabs were found in the Gulf of Maine (Johnson 2015). In
the summer of 2020 in the Wells Reserve alone, 48 blue crabs were found throughout the marsh
and estuary (P.C. Jason Goldstein). Although no blue crabs were found in the salt marsh pools
that were observed in this study, several were found in larger marsh ponds during my sampling
period. These crabs are considered transient in the GOM because their presence has not yet been
documented there during the winter months. The rapid trend of sea temperature rise within the
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Gulf of Maine will likely increase the northward expansion of other warmwater species (Johnson
2015).
Due to the dearth of information on how habitat size and connectivity influence the
biodiversity of NTSPs, this study aimed to: 1) determine if variation in biodiversity and species
richness in northern temperate salt pools can be explained by predictions of island biogeography
theory using traditional survey methods, and 2) determine if abiotic covariates of interest,
including salinity and temperature, influence variation in pool species abundance, richness and
biodiversity.
Methods
Study Location
This study was carried out in the Wells National Estuarine Research Reserve (WNERR),
a NOAA-affiliated research reserve located on the southern coast of Maine that encompasses salt
marsh habitat within the Webhannet and Little River Estuaries (WNERR, 43.3394° N, 70.5529°
W). This marsh is believed to have formed over the past 3,000 to 4,000 years and has remained
relatively unaltered. Data were collected from 2 June 2020 to 30 September 2020.
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Figure 1: Location maps of the study area, A. showing the general location of the WNERR, and
B. showing the two major watersheds found at the WNERR (taken with permission from Ward
2004).
The Wells NERR marsh is interspersed with numerous salt pools of various sizes and physical
features (Wilson 2010). For testing IBT prediction I, selected at random 20 pools within the
WNERR marsh that ranged in surface area from 2.05 m2 to 102.01 m2 (mean 22.63m2 ±26.82),
depth from 27.8 to 88.8 cm (mean 63.96cm ±16.60), and volume from 1,243 to 113,225 L (mean
15544.05 L±19969.26) (Appendix 1).
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Figure 2: Wells NERR Salt Marsh, located along the southern coast of Maine. Satellite image
from ArcGIS.

35

Figure 3: Twenty studied pools, labeled by number, A) Pools 1-11, B) Pools 9-12, C) Pools 1317), D) Pools 14-20.
Accounting for IBT Variables: Size, Connectivity, and Age
To determine whether the size of the pools affects their species composition, the surface
area of each pool was measured using ArcGIS measuring tools (Esri Inc. 2019). A meter stick
was used to take five depth measurements from each pool with a surface area under 60 m2, and
ten depth measurements in pools with a surface area over 60m2. The average depth of each pool
was multiplied by their length and width to determine volume (L) estimates (Swistock 2020).
Although the salt pools are at relatively the same elevation (4-5 ft above mean sea level),
biological and physical markers point to heterogeneity of flooding events among pools, which
suggests that there are differences in their connectivity to the estuary. To account for this
heterogeneity, the connectivity of these “islands” to the ocean “mainland” was estimated by their
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distance from the nearest tidal creek. This was measured to the nearest cm using a 30m transect
tape (Crescent Lufkin). The number of tidal inundation events in each month, and which pools
were inundated during each event, were quantified using observational methods including
observing wrack lines (algae and other marine debris deposited during high tide), direct
observation of flood events, and observation of flood-related algal debris within the pools. To
determine the relative ages of the salt pools, historic aerial footage of the Wells NERR marshes
was analyzed. These digitized data did not support recent heterogeneity of age across the sample
pools, with all of the pools at the study site present in imagery dating back to 20+ years. Thus, I
assumed homogeneity of age across the study pools and focused on predictions related to pool
size and connectivity.
Biodiversity Surveys, and the Quantification of Biotic and Abiotic Variables
a) Faunal Sampling:
In order to measure the relative biodiversity of macrofauna within the salt pools, bag
seine nets were deployed at each study pool one day during July, August, and September of 2020
when water temperatures were at their seasonal highest (Able et al. 2012). Bag seines consist of
fine mesh netting (1.0 cm) attached to two 1.0 m wooden poles at either end. The nets are
weighted on the bottom to keep organisms from escaping below the net and have floats on top to
prevent escape at the water surface. The net was placed in each pool at one edge, with one
sampler holding each pole. The net was then extended along the circumference of each pool,
with each sampler pushing the bottom of their wooden pole into the banks to flush organisms
into the center of the net. As the seine net was pulled through the water, fish and other organisms
were herded into the bag at its center per USGS protocols (USGS 2018; Williams & Fabrizio
2011).

37

Figure 4: Seining a NTSP to inventory biota. Here samplers drag the bag seine net through a
study pool, making sure to angle the bottom of the pole into the bank to draw out hiding
organisms.
Once the net spanned the circumference of the pool, it was pulled in quickly to prevent
animals from escaping. The contents of the net were immediately placed into a prepared bucket
of salt pool water, and the net was examined to ensure that no organisms were stuck in the mesh.
Each organism in the bucket was then identified to species level, and the number of each species
was recorded in a field notebook. Once counted, all organisms were returned alive to the pool in
which they were caught. Images of an individual of each species were taken using an iPhone 8
cellphone camera and retained as vouchers.
Using a complementary gear type, baited minnow traps were also deployed in several of the
pools for 24 hours to ensure that all species within the pools were being captured by the net. The
minnow traps only caught two species (mummichogs and one American eel, Anguilla rostrata),
both of which had also been caught by the seine net. Thus, we had confidence that our sampling
technique was producing representative biotic constituent data.
Each pool’s total species richness was determined by counting the number of species found
in each pool. The species richness of invertebrates and vertebrates were similarly determined.
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The R package vegan was used to calculate the Shannon and Simpson index values for each pool
(Oksanen et al. 2019; R Core Team, 2019). As most biological data were non-normally
distributed, and resistant to transformation, I tested for relationships between salt pool physical
attributes and biological variables using the non-parametric Spearman Rho test. A KruskalWallis test was used to determine whether total abundance, vertebrate and invertebrate
abundance, species richness, and biodiversity varied by month. A Wilcoxon test was also used to
determine whether the distribution of organisms varied between nearest watershed (Webhannet
or Little River). The Spearman Rho, Kruskal-Wallis and Wilcoxon tests were conducted in JMP
ver. 15 statistical software (SAS Institute Inc). All necessary approvals were obtained for fish
sampling through the UNH IACUC committee (IACUC permission #200601).
b) Floral Sampling:
To measure relative plant diversity surrounding each salt pool, the ocular cover method was
used (2019 Wells NERR Sentinel Site Vegetation Monitoring SOP). A 1m x 1m quadrat was
placed at four random points around the circumference of each pool. A salt marsh plant ID guide
was used to determine the species composition of each quadrat (Salt Marsh Reference Pilot
Project Vegetation Species 2016). Mud, tidal wrack, and dead plants were noted as well. The
percent cover of each plant species within each quadrat was visually estimated. If a plant species
was determined to cover <1% of a quadrat, it was estimated at 0.5% cover. The percent coverage
of vegetation, mud, and any other species or materials within each quadrat added to up 100%.
The ratio of the two dominant marsh grass species, Spartina alterniflora (low marsh) and
Spartina patens (high marsh) was calculated to help assess and explain inundation differences
between the study pools. I tested for relationships between the surrounding salt pool botanical
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characteristics and biological variables using the non-parametric Spearman Rho test in JMP (ver.
15, SAS Institute Inc. Cary, NC) statistical software.
Environmental Monitoring:
A YSI Pro2030 (Xylem Inc., Yellow Spring, OH, USA) was used to measure the temperature
(oC) and salinity (psu) of each of the twenty pools 2-3 times per month (Williams and Fabrizio
2011). These temperature and salinity values were averaged for each month during the study
period to test for a relationship between salt pool mean temperature and salinity and the species
richness, biodiversity and abundance values for the corresponding months. I tested for
relationships between mean temperature and salinity values and biological variables using the
non-parametric Spearman Rho test in JMP ver. 15 statistical software.
Modeling the influence of salt pool parameters on IBT predictions
I modeled the combined effects of average depth, pool volume, distance from the estuary
creek, flood days before sampling, Altern:Paterns ratio, temperature, and salinity on NTSP total
abundance, invertebrate abundance, vertebrate abundance, species richness, and biodiversity
separately using a Generalized Linear Model (GLM) with a maximum likelihood estimating
method, Poisson distribution and log function. I used minimum AIC values for model selection,
along with a Chi2 test on whole model effects, and ran all models in JMP ver. 15.
Results
A total of 7,476 organisms of eight different species were cumulatively collected in 20
NTSPs between July and September of 2020. Six of these species were fishes spanning four
orders, Cyprinidontiformes, Atheriniformes, Gasterosteiformes, and Anguilliformes. These
include F. heteroclitus (mummichog), P. pungitius (nine-spined stickleback), A. quadracus
(four-spined stickleback) G. aculeatus (three-spined stickleback), M. menidia (Atlantic
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silverside), and A. rostrata (American eel). The two invertebrate species were in Class
Malacostraca; P. vulgaris (common grass shrimp) and C. maenas (European green crab). P.
vulgaris represented 63% of the total abundance observed in NTSP, while F. heteroclitus
represented 34%. F. heteroclitus represented 95.7% of all fish species collected, while P.
vulgaris represented 97.5% of all invertebrates collected. Of the organisms collected, 98.5%
were resident species, while the remaining 1.5% were transient. I found that total species
abundance, invertebrate abundance, vertebrate abundance, species richness, and biodiversity did
not differ by sampling month (Kruskal-Wallis Rank Sum test, Chi-square approximation, Chi2 =
2.93. df = 2, p = 0.23; Chi2 = 1.28, df = 2, p = 0.52; Chi2 = 2.09, df = 2, p = 0.35; Chi2 = 3.37, df
= 2, p = 0.18; and Chi2 = 0.7021, df = 2, p = 0.70, respectively).
The number of flood days per month influenced both the mean monthly temperature and
salinity of NTSPs. The number of flood days before sampling was negatively correlated with
temperature (Spearman Rho test, Rho = -0.684, df= 58, p <0.0001) and positively correlated
with salinity (Spearman Rho test, Rho = 0.6927, df = 58, p <0.0001). Pool volume and distance
from a tidal creek were not significantly correlated (Spearman Rho test, Rho=0.0030, df=18,
p=0.9818). The average temperature of salt marsh pools from July-September of 2020 was 22.17
°C, while the average sea surface temperature of the Wells estuary was 18.66 °C (NOAA).
Abundance
The total abundance of organisms within the study pools was influenced by pool volume,
and by some measures of connectivity (Table 1). Pool volume and total abundance were
positively correlated (Spearman Rho test, Rho=0.672, df = 58, p <0.0001), as were the
correlations between pool volume and the two most abundant marsh pool species, mummichogs
(Spearman Rho=0.483, df = 58, p = <0.0001), and common grass shrimp (Spearman Rho=
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0.635, df = 58, p = <0.0001). The total abundance of both vertebrates and invertebrates were also
positively correlated with pool volume (Spearman Rho test, Rho= 0.538, df = 58, p=<0.0001,
and Rho=0.648, df = 58, p=<0.0001, respectively). The total length of mummichogs was also
positively correlated with pool volume, as larger mummichogs tended to be found in larger pools
(Spearman Rho test, Rho = 0.187, df = 58, p = 0.002).

Figure 5: Total species abundance (blue), total vertebrate abundance (red), and total invertebrate
abundance (green) of NTSP by volume (L) with linear fit included. Shaded areas represent 95%
confidence intervals around the fit line. R2 values were 0.26,0.04, and 0.29 respectively.
The relationship between the total abundance of salt pool species and pool connectivity
was less consistent than that observed with pool volume (Table 1). Distance from a tidal creek
negatively correlated with total vertebrate abundance and mummichog abundance (Spearman
Rho test, Rho = -0.267, df= 18, p = 0.038; Spearman Rho =-0.29, df=18, p = 0.024, respectively)
but not with either invertebrate abundance, shrimp abundance, or total abundance (p = >0.05).
The second measure of connectivity, flood days before sampling, was positively correlated with
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total abundance (Spearman Rho test, Rho= 0.259, df=58, p = 0.046), but not with total
invertebrate or vertebrate abundance (Rho=0.136, df=58, p = 0.302; Rho=0.2507, df=58,
p=0.0533). The ratio of low marsh grass (S. alterniflora) to high marsh grass (S. patens) was
positively correlated with the total abundance, and total invertebrate abundance (Spearman Rho
test, Rho = 0.353, df=18, p = 0.006; Spearman Rho test, Rho =0.371, df=18, p=0.004), while it
was not correlated with vertebrate abundance (Rho =0.149, df=58, p=0.257). The abundance of
vertebrates and invertebrates were positively correlated with each other (Spearman Rho test, Rho
= 0.499, df=58, p = <0.0001). Monthly average pool temperature and salinity did not influence
the total abundance of the study pools (Rho=0.11, df=58, p=0.403; Rho=0.05, df=58, p=0.704)
(Table 1).
We found that the best GLM model for total abundance (AICc = 4257.725) included the
effects of all seven measured variables (Chi2 = 5261.77, df = 7, p < 0.0001), with temperature
and pool depth influencing the model most robustly. We found that the best model for
invertebrate abundance (AICc = 3292.638) included the same seven variables as total abundance
(Chi2 = 4811.456, df = 7, p < 0.0001), with temperature and pool depth again exerting the
greatest influence on the model. The best model for vertebrate abundance (AICc = 2070.057)
included all measured variables except for average pool depth (Chi2 = 2379.172, df = 7, p <
0.0001), with temperature, distance from estuary creek, and flood days before sampling exerting
the greatest influence on the model.
Species richness
The study pools ranged in species richness from 0-5, and was affected by pool volume,
but not by any measure of connectivity (Table 1). Pools with larger volumes tended to have a
higher species richness (Spearman Rho test, Rho =0.6069, df=58, p = <0.0001). Species richness

43

was not significantly related to distance from a tidal creek, flood days before sampling, salinity,
or S.alterniflora:S.patens ratio (p>0.05). Pools with higher temperatures also exhibited higher
species richness (Spearman Rho test, Rho = 0.2773, df=58, p = 0.0320).
We found that the best model for species richness (AICc = 198.436) included only the
effects of pool volume and distance from estuary (Chi2 = 7.197, df = 2, p =0.0274), with pool
volume exerting the most influence on the model.

Figure 6: Linear fit of Species Richness by Pool Volume (L). The shaded region represents the
95% confidence interval around the fit. R2=0.202
Biodiversity
A linear regression showed that the Shannon and Simpson Indices were highly correlated
with each other (R2 = 0.959, p = <0.0001), so for parsimony only the Shannon Index values were
used for subsequent analyses. While pool volume was not correlated with biodiversity
(Spearman Rho test, Rho=0.149, df=58, p=0.254), distance from a tidal creek was negatively
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correlated with biodiversity (Spearman Rho test, Rho=-0.369, df=58, p=0.0038; Figure 7; Table
1). Biodiversity values were not related to the other two measures of connectivity,
S.alterniflora:S.patens ratio and flood days before sampling (Rho=0.0026, df=58, p=0.949, and
Rho= -0.163, df=58, p=0.213 respectively). I found that salinity and temperature did not
significantly affect biodiversity (Rho=-0.072, df=58, p=0.586, and Rho=0.0121, df=58, p=0.927
respectively) (Table 1). No significant GLM model explained the influence of the measured
variables on NTSP biodiversity.

Figure 7: Biodiversity index values assessed by their nearest distance to a tidal creek (m) with
linear fit included (R2=0.185). The shaded region represents the 95% confidence interval around
the fit.
Table 1: Relationships between predictor and response variables associated with the predictions
of Island Biogeography Theory. Significant positive relationships are signified with “+”,
significant negative relationships are signified with “-“. NS relationships are indicated as “0”.
Total
Abundance

Invertebrate
Abundance
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Vertebrate
Abundance

Species
Richness

Biodiversity

Volume
Distance from Tidal
Creek
Flood Days before
sampling
S. alterniflora: S.
patens
Temperature

+
0

+
0

+
-

+
0

0
-

+

0

0

0

0

+

+

0

0

0

0

0

0

+

0

Salinity

0

0

0

0

0

Discussion
From July to September of 2020, field sampling determined that salt pool volume and
connectivity both influenced NTSP species composition. While pool volume significantly
affected total nekton abundance, vertebrate abundance, invertebrate abundance, and species
richness, the distance from a tidal source creek significantly affected NTSP biodiversity. Flood
days before sampling affected only total nekton abundance, while S. alterniflora: S. patens ratio,
a proxy for inundation patterns and thus connectivity, affected both total nekton abundance and
invertebrate abundance. Multivariate modeling revealed that NTSP total abundance and total
invertebrate abundance are affected by all 7 measured variables, with measures of pool size
exerting the most influence. Vertebrate abundance was also influenced by all 7 variables but was
influenced mostly by measures of connectivity. These results support the argument that although
both IBT variables affect the distribution of invertebrates and vertebrates within NTSPs,
invertebrate distribution is more influenced by habitat size, while vertebrate distribution is more
influenced by connectivity. Multivariate modeling of species richness revealed that only the two
IBT variables affected the model, with pool volume exerting the most influence. The relevance
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of both of these variables to species richness within NTSPs supports the relevance of IBT
modeling to this unique ecosystem.
Abiotic Interactions
Analysis of the abiotic variables recorded in this study revealed that measures of
connectivity were unrelated to pool volume but did influence both pool temperature and salinity.
Distance from a tidal creek, the measured S. alterniflora: S. patens ratio, and flood days before a
sampling event were all unrelated to NTSP pool volume. This is consistent with the findings of
similar work conducted in salt marsh pools throughout New England, which found no
relationships between tidal range or latitude with pool surface area (Adamowicz et al. 2005). The
negative correlation of flood days before sampling with temperature makes intuitive sense, as
more frequent flooding with colder water from the estuary would lower a salt pool’s temperature.
The positive correlation between flood days before sampling and salinity can be explained by the
higher salinity of the estuary compared to the pools, which when isolated from the tide, are
hydrologically influenced by freshwater precipitation (Rowe & Dunson 1995).
NTSP Comparative Species Composition
A study of marsh pools in the Southeastern US found different species, but similar taxon
and residency ratios to those of the Wells NTSPs. The two most abundant taxa in the Wells
NTSPs were P. vulgaris, and F. heteroclitus, while the two most abundant taxa in South Carolina
marshes were Palaemonetes (glass shrimp) spp. and Cyprinodon variegatus (sheepshead
minnow).
Table 2: Comparing biotic data from the WNERR Marsh and a South Carolina Marsh (Mace et
al. 2019)
Little River (WNERR)
SC Marsh (Mace et al.
Marsh
2019)
Sampling Period
July-September 2020
May-November 2016
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Number of Taxa Found
Total Nekton Abundance
over sampling period
Percent Abundance of
Euryhaline minnow sp. and
Palaemonetes sp.
Percent Resident Species

8
7476

26
13,478

97%

75%

98.5%

88%

This indicates that salt marsh pools in the Northeastern United States likely represent important
ecological niches for Palaemonetes shrimp species and generalist minnow species tolerant of
varying environmental conditions. Resident species made up a high percentage of the biota at
both marshes, implying that resident species make up a dominant community component of salt
pool habitats (Table 2; Mace et al. 2019). Mace et al. (2019) also found fewer transient species
during their sampling period in midsummer (July-August), making it possible that fewer
transients documented in the WNERR marsh was related to sampling period seasonality. The
similarities in species dynamics between SC marsh pools and those in Wells, ME make it
possible that the results of this study are generally applicable to marshes throughout the Eastern
US.
The occupants of the Wells NTSP found between July and September of 2020 were
consistent with species that have historically been found in this location. The dominance of F.
heteroclitus among fish assemblages, and P. vulgaris among invertebrates was consistent with
other studies conducted in Maine salt marshes (Kneib 1986; Adamowicz 2002; Mackenzie 2005;
Mackenzie & Dionne 2008; Able et al. 2012; Dijkstra et al. 2013). The dominance of F.
heteroclitus and P. vulgaris in NTSPs can be attributed to their euryhaline biology, and ability to
withstand a wide range of hydrological conditions including poor water quality (Knowlton and
Schoen 1984; Weis 2002; Stierhoff et al. 2003; Dijkstra et al. 2013). The other fish species found
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in the Wells NTSPs were transients, including the three stickleback species, M. menidia, and A.
rostrata. These species accounted for only 0.015% of sampled organisms and were likely in the
marsh temporarily to feed on the abundant vegetation and invertebrates or had been trapped by a
flood tide. P. pungitius, the 9 spined stickleback, was found to be more common than the other
transient fishes, likely due to their greater resistance to low levels of dissolved oxygen
(Adamowicz 2002). C. maenas is an invasive resident crab species from Europe that frequents
temperate coastlines, including salt marshes (Aman and Grimes 2016; Young and Elliot 2020).
Although only 123 green crabs were found over the 3-month sampling period, their ability to
alter habitats and influence ecological communities poses concerns for the future of New
England marshes.
Island Biogeography Variables – Size and Connectivity
IBT models have been utilized to describe drivers of biodiversity in a wide variety of
environments and is widely accepted as a powerful tool in examining the spatial dynamics of
species living in isolated habitats. However, this theory has never before been utilized to
examine the species residing in salt marshes or salt marsh pools. The only data collected within a
Maine salt marsh with results relevant to the current study were not framed in the context of IBT,
but nonetheless provides points of comparison (Adamowicz 2002). This data, collected in
Maine’s Granite Point Marsh, 24 km north of the WNERR, discovered that significantly larger
numbers of both fish and invertebrates were found in larger pools, while distance from a tidal
flow had no significant effect on nekton abundance. These results are similar to the nekton
assemblages of the WNERR marsh, although species richness and biodiversity, and whether they
were influenced by pool size or connectivity were not quantified in the Granite Point Marsh
study.
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Although few studies of IBT in isolated saltwater pools have been conducted, this theory
has been studied in a variety of other aquatic habitats. A study in a freshwater marsh in the
Southern High Plains of Texas looked at the richness and biodiversity of aquatic
macroinvertebrates in ephemeral playas (the predominant surface hydrologic feature of these
types of marsh) based on island biogeography and landscape features (Hall et al. 2004). This
study concluded that both species richness and biodiversity did not increase with playa size, or
connectivity to nearby lakes. These results partially contradict with findings from the current
study, as NTSP volume affected species richness, but not biodiversity, and distance from a
connecting water source was related to biodiversity. This difference can be partially attributed to
the ephemeral nature of playas in contrast with the semi-permanent nature of NTSPs. Several
authors of similar studies have posited the conclusion that the transitory properties of temporary
freshwater ponds may prevent them from reaching biological equilibrium (Driver 1977; Hall et
al. 2004; Porst 2012).
Studies of species richness and biodiversity in more permanent aquatic island habitats
have findings more in line with the premises of IBT. A study done in the mid-1970s observed the
distribution and species richness of freshwater snails throughout 86 lakes and ponds across
Denmark through the lens of IBT, focusing on lake size (Lassen 1975). This study found that in
both eutrophic and oligotrophic waters, species richness significantly increased with lake surface
area. A similar, more recent study of 104 shallow Minnesota lakes tested the performance of
island biogeography modeling by observing patterns in abundance and diversity of fish,
macrophytes, and invertebrates (Nolby et al. 2015). This study found that both fish richness and
biomass increased with lake size and connectivity, while macrophyte and invertebrate biomass
and richness were best predicted by unrelated factors such as lake eutrophication state and fish
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biomass. These results partially align with my current findings, as fish biomass and richness in
NTSPs increased with pool volume, and biodiversity increased with connectivity. However, the
abundance of invertebrates in NTSPs increased with pool volume as well. This difference could
be partially attributed to the tidal flooding of salt marsh pools, and their intermittent connection
to the estuary through tidal creeks, which prevent eutrophication due to their frequent refresh
rates (Mackenzie & Dionne 2008; Mace et al. 2019). Nolby et al. (2015) predicted that the
species richness of invertebrates was heavily influenced fish predation (Nolby et al. 2015). Most
of the diet of fish species found in the Wells NTSP did not include the macroinvertebrates
sampled in this study (P. vulgaris and C. maenas), so their assemblies were putatively not
limited by fish biomass (Kneib 1986). Although larger F. heteroclitus have been found to
consume P. vulgaris infrequently, the high productivity of marsh habitats, and large variety of
smaller, more manageable prey likely makes this effect negligible (Kneib 1986).
IBT modeling has also been applied to study the species dynamics of nearshore marine
habitats. Although nearshore habitats are all connected to one-another by oceanic currents, many
are isolated by vast expanses of open ocean that shallow water species cannot cross. One study
conducted on fish in Caribbean reefs examined the biodiversity and species richness off 24 island
nations with a wide range of island area, reef area, and isolation (Sandin et al. 2008). This study
found that the predictions of IBM generally held true, with a positive relationship between fish
richness and both island and reef area, and a negative relationship between fish richness and
degree of island isolation (Sandin et al. 2008). The positive relationship between island area and
species richness is mirrored in the Wells NTSP findings, however, species richness was not
significantly impacted by any observed measure of connectivity. Sandin et al. (2008) did not find
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a significant relationship between species richness and temperature, while the species richness of
WNERR pools was positively correlated with temperature.
Similar work done in the habitats surrounding Atlantic Ocean islands sought to
understand whether biogeographical patterns existed between the species richness of reef fish,
gastropods, and seaweeds and island area, age, and isolation (Hachich et al. 2015). This study
found that island (pool) area positively correlated with seaweed richness and gastropod richness,
while island age was the best predictor of fish richness. Isolation was negatively correlated with
seaweed richness and did not significantly affect fish and gastropod richness (Hachich et al.
2015). As most of the NTSP observed did not contain seaweed species, NTSP island age was
assumed to be homogenized, and Hachich et al.’s study did not measure biodiversity, these
results either contradict, or cannot be applied to the current study. However, the Atlantic island
habitats observed in this study exhibited little to no endemism, which is mirrored in the present
study, which can be attributed to the high dispersal capacity of marine organisms (Carr et al.
2003).
Data reported here reveal that the two island biogeography variables tested in this study,
island size and connectivity, both impact aspects of NTSP species composition. While larger salt
pools contain more species and greater numbers of organisms, they are not necessarily more
biodiverse. This finding is important because salt marshes across the Eastern U.S. continue to be
ditched and altered, which significantly lowers total pool surface area (Adamowicz 2002;
Adamowicz & Roman 2005). This study also found that the biodiversity of NTSPs decreases the
further they are from a tidal creek. As ditched marshes have significantly lower natural creek
lengths, the biodiversity of human altered marshes is likely lower than it would be in its natural,
unaltered state (Adamowicz & Roman 2005). By further exploring and applying the predictions
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of island biogeography theory to salt marsh pools across the Eastern U.S., scientists may be
better equipped to predict the abundance, species richness, and biodiversity of these essential
habitats.
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Appendix 1: Salt pool physical information, with spatial coordinates calculated using Google
Earth software.
Pool
Latitude
Long
Surface Mean Volume
Mean
Mean
#
Area
depth
(L)
Temp
Salinity
2
(m )
(cm)
(°C)
(ppt)
1
43°20’11.01” N
70°32’32.65” W 31.1
58.6
18224.60 23.1556
30.0278
2
43°20’11.53” N 70°32’33.01” W 9.59
82.02 7865.718 21.0167
30.8167
3
43°20’11.39” N 70°32’32.99” W 1.78
76.6
1363.48
20.2444
30.9889
4
43°20’11.37” N 70°32’33.35” W 8.6
77.72 6683.92
21.2611
30.8333
5
43°20’10.83” N 70°32’33.96” W 38.3
86.1
32976.3
21.7222
30.9000
6
43°20’10.51” N 70°32’33.90” W 18.9
47.4
8958.6
22.4556
31.1333
7
43°20’10.62” N 70°32’34.07” W 3.44
54.44 1872.736 21.1556
31.4444
8
43°20’10.48” N 70°34’34.24” W 11.6
62.28 7224.48
22.0778
31.2056
59

9
10
11
12
13
14
15
16
17
18
19
20

43°20’10.52” N
43°20’10.42” N
43°20’10.40” N
43°20’09.73” N
43°20’05.33” N
43°20’04.48” N
43°20’04.13” N
43°20’04.16” N
43°20’04.00” N
43°20’03.50” N
43°20’04.48” N
43°20’03.24” N

70°32’34.97” W
70°32’35.33” W
70°32’35.71” W
70°32’36.52” W
70°32’40.43” W
70°32’39.92” W
70°32’40.55” W
70°32’39.97” W
70°32’40.02” W
70°32’39.94” W
70°32’40.26” W
70°32’40.46” W

3.53
70.5
63.1
30.6
18.8
100.2
2.54
8.09
7.07
19.3
1.88
3.71

83.16
88.6
75.81
76.26
27.78
61.95
66.98
59.58
56.94
44.96
43.54
48.56

2935.548
62463
47836.11
23335.56
5222.64
62073.9
1701.292
4820.022
4025.658
8677.28
818.552
1801.576

22.5333
23.7222
23.8389
22.7000
26.0667
22.2444
21.7056
20.6389
20.5778
22.7778
21.4278
22.0222

32.0278
31.7500
31.7944
31.6222
30.7500
31.6056
32.0889
31.2667
31.2000
31.3056
31.9833
31.6667

Appendix 2: Species composition data for each NTSP sampled between July-September of 2020
Pool
F.
M.
P.
G.
A.
C.
P.
A.
heteroclitus
#
menidia
pungitius aculeatus quadracus maenas vulgaris rostrata
1
568
0
14
1
0
13
186
0
2
20
0
1
0
0
0
229
0
3
9
0
0
0
0
0
5
0
4
16
0
14
1
0
1
221
0
5
195
1
17
2
0
8
430
0
6
334
0
7
0
0
8
190
0
7
13
0
0
0
0
1
21
0
8
63
0
0
0
0
9
223
0
9
4
0
1
0
0
0
433
0
10
118
0
25
0
0
9
953
0
11
238
2
7
0
0
3
838
0
12
199
0
10
0
0
9
665
1
13
100
0
0
0
0
0
0
0
14
81
1
0
0
1
9
20
0
15
54
0
0
0
0
7
18
0
16
44
0
0
0
0
6
14
0
17
96
0
1
0
0
9
42
0
18
302
0
3
0
2
13
220
0
19
28
0
0
0
0
5
0
0
20
34
0
0
0
0
13
17
0

60

Appendix 3: Spearman Correlation Values for abiotic and biotic variables
Factor 1
Factor 2
Spearman’s Rho
P Value
Total Abundance
0.6724
<0.0001
Invert Abundance
0.6477
<0.0001
ArcGis Volume
Vertebrate Abundance
0.5378
<0.0001
Mummichog Abundance 0.4831
<0.0001
Glass Shrimp Abundance 0.6347
<0.0001
Species Richness
0.6069
<0.0001
Biodiversity
Not Significant
0.2544
Total Abundance
Not Significant
0.9944
Invert Abundance
Not Significant
0.5359
Vertebrate Abundance
-0.2674
0.0389
Connectivity
Mummichog Abundance -0.2904
0.0244
Glass Shrimp Abundance Not Significant
0.4347
Species Richness
Not Significant
0.3707
Biodiversity
-0.3686
0.0038
Total Abundance
0.2589
0.0458
Invert Abundance
Not Significant
0.3020
Vertebrate Abundance
Not Significant
0.0533
Flood Days Before
Mummichog Abundance 0.2714
0.0360
Sampling
Glass Shrimp Abundance Not Significant
0.2221
Species Richness
Not Significant
0.1606
Biodiversity
Not Significant
0.2128
Total Abundance
0.3525
0.0057
Invert Abundance
0.3705
0.0036
Vertebrate Abundance
Not Significant
0.2572
S. alterniflora: S.
Mummichog Abundance Not Significant
0.3198
patens
Glass Shrimp Abundance 0.4178
0.0009
Species Richness
Not Significant
0.2155
Biodiversity
Not Significant
0.9843
Total Abundance
Not Significant
0.4030
Invert Abundance
Not Significant
0.4576
Vertebrate Abundance
Not Significant
0.6858
Temperature
Mummichog Abundance Not Significant
0.9146
Glass Shrimp Abundance Not Significant
0.5884
Species Richness
0.2773
0.0320
Biodiversity
Not Significant
0.9267
Total Abundance
Not Significant
0.7043
Invert Abundance
Not Significant
0.8953
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Salinity

Vertebrate Abundance
Mummichog Abundance
Glass Shrimp Abundance
Species Richness
Biodiversity

Not Significant
Not Significant
Not Significant
Not Significant
Not Significant

0.6442
0.4893
0.8798
0.0999
0.5860

Chapter 2 – Using Acoustics to Assess Northern Temperate Salt Pool Biodiversity
Abstract
The use of acoustic indices to rapidly assess the biological components of soundscapes have
gained increasing popularity in recent years. While most of these indices were originally created
for terrestrial use, several bioacoustics studies have begun to test their utility in marine,
estuarine, and freshwater environments. In this study, passive acoustic methods were used to
monitor 20 salt pools during the summer of 2021 to determine whether acoustic indices within
the R soundecology and seewave packages (H, BIO, ACI, ADI, AEI, and NDSI) can accurately
predict the abundance, species richness, and/or biodiversity of their inhabitants. This analysis
determined that the AEI index had the strongest correlation with organism abundance and
species richness, while only the maximum values from the BIO index correlated with NTSP
biodiversity. While correlations between biotic variables and acoustic indices were found, it is
recommended that acoustic indices designed for aquatic use be developed, as there are many
differences between aquatic and terrestrial soundscapes
Introduction
Monitoring biodiversity is often a time intensive, nonselective, temporally limited,
invasive, and expensive endeavor that sometimes leads to the unnecessary handling and injury of
vulnerable species (Greenhalgh et al. 2020). For these reasons, passive acoustic monitoring is
rising in popularity among researchers for evaluating biodiversity and species richness in both
terrestrial and aquatic habitats (Parks et al. 2014; Haver et al. 2020). Acoustic monitoring could
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prove particularly useful in marine and estuarine habitats, as conventional survey methods are
only achievable when sites can be accessed, and conditions are amenable to visual observation
and/or biological sampling (Mooney et al. 2020). Soundscape ecology, also referred to as
ecoacoustics, is defined as the analysis of ecosystem sounds to collect, archive, and evaluate
local environmental conditions. The term soundscape in this context is defined as the relationship
between a given landscape and the composition of its sounds (Pijanowski et al. 2011). Because
sound transmits efficiently through water (unlike light or chemical signals), acoustic signals and
soundscapes are particularly important to marine organisms and ecological processes (Lillis et al.
2014). The combination of abiotic and biotic sounds in marine environments are unique to each
type of ecosystem and are used by larval fish and invertebrates for settlement into suitable to
coastal habitats where they can successfully grow and reproduce (Radford et al. 2010; Lillis et al.
2013; Rossi et al. 2016). In addition to cueing larval settlement, sound is often used by marine
species for navigation, reproduction, defense, territorial displays, and foraging (Wilson et al.
2013; Lillis et al. 2014; Montgomery & Radford 2017).
Temporal patterns of marine ecosystems and species activity are often revealed using
acoustic monitoring; examples include the dusk-initiated calls of mating fish, and the diurnal and
seasonal communication of snapping shrimp (Au & Banks 1998; Locascio et al. 2008; Ricci et
al. 2016; Bohnenstiehl et al. 2016; Mueller et al. 2020). Several studies have shown an increase
in fish sound production from dusk until after nightfall during the spawning season (Locascio et
al. 2008; Ricci et al. 2016). Different species of fish exhibit acoustic spawning behavior at
different times throughout the summer months, and at different lunar phases, with some calling
exclusively at night, and others calling throughout the day (Ricci et al. 2016). Some marine
soundscapes have also been found to exhibit crepuscular trends (Kaplan et al. 2015). Snapping
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shrimp for example are often studies using acoustics, as they make up a dominant component of
estuarine soundscapes (Au & Banks 1998; Ricci et al. 2016). Studies on the temporal sound
production of these species have found mixed results, as some studies have recorded more
‘snaps’ during the day, while others have recorded more snapping activity at night (Radford et al.
2008; Bohnenstiehl et al. 2016; Ricci et al. 2016). The differences in snapping shrimp activity in
different habitats have been attributed to differing levels of predation; snapping shrimp prefer to
vocalize during the day but will exhibit nocturnal vocalizations in locations with prominent
predator populations.
Biological soundscapes in marine and estuarine settings also include involuntary noises,
such as those produced by the movements of schooling fish or feeding invertebrates (Moulton
1960; Radford et al. 2010). While the soundscapes of some estuarine environments have been
examined using passive acoustic monitoring, those of northern temperate salt pools (NTSPs),
common features of temperate salt marshes throughout northern New England, have remained
under-studied in this respect. NTSPs are shallow, water filled depressions that remain filled
throughout the tidal cycle, and experience tidal exchange only during particularly high spring
tides, as well as storm-induced flooding (Wilson et al. 2014). Between tidal recharge events, the
hydrology of NTSPs is determined by precipitation, runoff, and evapotranspiration (Rowe &
Dunson 1995). As these pools can vary greatly in hydrological conditions, their species
composition is limited to euryhaline species able to tolerate this high level of variation (Nicol
1935; Noël and Chmura 2011; Mace et al. 2019).
While acoustic recordings can reveal species presence and overall acoustic diversity at a
site, the manual analysis of audio recordings can be labor and time intensive. To expedite this
process, many types of acoustic indices have been developed in order to rapidly assess the
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composition of acoustically-communicating species in recordings, using various measures of
spectral diversity as a proxy for biological diversity (Sueur et al. 2014; Buxton et al. 2018). As of
2018, 69 different acoustic indices have been used in a total of seventy-one publications in both
terrestrial and aquatic environments, with varying degrees of success in identifying a predictable
relationship between acoustic diversity and biological diversity (Buxton et al. 2018).
Several acoustic indices popular among bioacousticians are included in the soundecology
and seewave packages for R statistical software (Sueur et al. 2008; Villanueva-Rivera &
Pijanowsji 2018; R Core Team, 2019). Indices within the soundecology package that are used to
determine the diversity and complexity of an ecosystem are the Acoustic Complexity Index
(ACI), Acoustic Evenness Index (AEI), Acoustic Diversity Index (ADI) and Bioacoustic Index
(BIO) (Desjonquéres et al. 2015; Machado et al. 2017; Mammides et al. 2017; Rajan et al. 2019).
Soundecology’s Normalized Difference Soundscape Index (NDSI) quantifies the weighting of
natural versus anthropogenic sounds within an ecosystem (Fairbrass et al. 2017). The Acoustic
Entropy Index (H), from the R seewave package, measures the spectral and temporal entropies of
sound recordings (Sueur et al. 2008; Mammides et al. 2017). Although these indices were
initially designed to be used in terrestrial settings, particularly to monitor bird populations, in the
last decade studies have investigated their application in marine environments (McWilliam &
Hawkins 2013; Lillis et al. 2014; Kaplan et al. 2015; Harris et al. 2016; Bertucci et al. 2016).
These indices have never been tested in northern temperate salt marsh pools, such as those
located at the Wells National Estuarine Research Reserve (WNERR), Maine and could prove a
useful tool in rapidly assessing the biodiversity and richness of these threatened habitats in a
noninvasive, cost effective, and time efficient way.
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This study aims to test the relationship between biological diversity and acoustic diversity
of NTSPs at the WNERR through biological sampling and passive acoustic monitoring. My
specific goals include: 1) To determine whether measured abiotic or biotic variation between
pools influence their soundscapes, 2) To validate the usefulness of acoustic indices in assessing
biodiversity and richness in NTSPs by comparing acoustic index values to traditional seining
data, and 3) To evaluate whether acoustic index values reveal daily temporal patterns of acoustic
activity in NTSPs, as observed in open estuaries.
Methods: Acoustic Biodiversity Assessment
a) Study site
This study was carried out in the Wells National Estuarine Research Reserve (WNERR),
a NOAA-partnered research Reserve on the southern coast of Maine that encompasses salt marsh
habitat within the Webhannet and Little River Estuaries (WNERR, 43.3394° N, 70.5529° W)
(www.wellsreserve.org). This marsh is dominated by high marsh meadow covered with Spartina
patens and interspersed with forb pannes, areas of high plant diversity maintained by soil
waterlogging (Ewanchuk and Bertness 2004; Wilson et al. 2009). Lower elevations areas at
WNERR that are more prone to tidal inundation are dominated by low marsh grass Spartina
alterniflora (Ewanchuk & Bertness 2004; Wilson et al. 2009). Salt pools are common throughout
the marsh surface (Harshberger 1916; Mackenzie & Dionne 2008; Wilson et al. 2009; Wilson
2010). This marsh is believed to have formed over the past 3,000 to 4,000 years and has
remained relatively unaltered.
Fishes historically recorded in the WNERR’s NTSPs include the resident species
Fundulus heteroclitus (mummichog), Fundulus majalis (striped killifish), and transient species
Menidia menidia (Atlantic silverside), Pungitius pungitius (nine spine stickleback), Apeltes
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quadracus (four spine stickleback), Gasterosteus aculeatus (three spine stickleback), Anguilla
rostrata (American eel), as well as several species in the Alosa genus (Drociak & Botitta 2005;
P.C. Jason Goldstein & Jeremy Miller, see Chapter-1). Resident arthropods that have been found
in NTSP include the invasive Eurasian green crab (Carcinus maenas), as well as the common
grass shrimp (Paleomonetes vulgaris), and infrequently the sand shrimp (Crangon
septemspinosa) (Carlisle et al 2002; Drociak & Bottitta 2005; Aman & Grimes 2016). Although
no transient arthropods have been historically documented in the WNERR NTSPs, an
unprecedented number of blue crabs (Callinectes sapidus) were found in and around the
WNERR in the summer and fall of 2020, and are likely expanding their historic range (with a
current documented northern limit of Cape Cod) due to the rapid warming of the Gulf of Maine
(Johnson 2015; P.C. Jason Goldstein). The sound production capabilities of these organisms
have not been well studied. Acoustic and biological data were collected from this site during the
warmer summer season period of 2 July 2020 to 30 September 2020.
b) Acoustic Experimental Design and Setup
To obtain acoustic data from each pool, Tascam DR100-MKIII’s equipped with hydrophones
(Aquarian H2a-XLR-9) were deployed in each study pool to record for 24 hours during each
month of the field season (July, August, and September). Recorders were deployed several days
prior to seining each pool to ensure that the acoustic data was collected prior to any sampling
disturbances. Based on preliminary tests at the site, recorders were set to record PCM WAV files
at a 48 KHz/16 bit sample rate with a gain setting of +31.5 dB. Data files were written on 128
GB UXSD memory cards (Extreme Pro, SanDisk, San Jose, CA).
In the field, the recorders were fixed to metal T-posts installed next to each study pool. An
external battery plugged into the recorder was attached to the post to ensure sufficient power to
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for 24 hours of uninterrupted recording using hydrophones (H21-XLR, Aquarian Audio &
Scientific, Anacortes, WA). A buoy was zip-tied to each hydrophone to suspend the hydrophone
condenser mic in the center of the water column of each pool. The audio recorder was started
once the hydrophone was positioned into the focal pool. Once recording was initiated, each
recorder-battery setup was covered with a waterproof dry bag prep to protect them from weather
events. As preliminary data showed that the pools can be subject to flooding during spring tides,
recordings were not taken during the full moon or new moon to avoid tidal-related noise
impairment.
c) Pool Physical Measurements
The surface area of each pool was measured using ArcGIS measuring tools (Esri Inc. 2019)
using orthorectified NAIP imagery from 2018. A meter stick was used to take five depth
measurements from each pool with a surface area under 60 m2, and ten depth measurements in
pools with a surface area over 60m2. The average depth of each pool was multiplied by its length
and width to estimate pool volume (L).
The connectivity of each NTSP to the main estuary was estimated by their distance from the
nearest tidal creek. This was measured to the nearest cm using a 30m transect tape (Crescent
Lufkin). The number of tidal inundation events in each month, and which pools were inundated
during each event, were quantified using observational methods including observing wrack lines
(algae and other marine debris deposited during high tide), direct observation of flood events,
and observation of flood-related algal debris within the pools.
d) Faunal Sampling:
To calculate the biodiversity of macrofauna within the salt pools in order to validate
output from the acoustic indices, bag seine nets were deployed at each study pool once monthly
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during July, August, and September of 2020. Bag seines consist of fine mesh netting (1.0 cm)
attached to two 1.0 m wooden poles at either end of the seine. The nets were weighted on the
bottom to ensure contact with the pool substrate to keep organisms from escaping below the net
and included floats on seine top to prevent escape at the water surface. The net was placed in
each pool at one edge, with one sampler holding each pole. The net was then extended along the
circumference of each pool, with each sampler pushing the bottom of their wooden pole into the
banks to flush organisms into the center of the net. As the seine net was pulled through the water
quickly, fish and other organisms were herded into the bag at its center per USGS protocols
(USGS 2018; Williams & Fabrizio 2011).
Once the net spanned the circumference of the pool, it was pulled in quickly to prevent
animals from escaping. The contents of the net were immediately placed into a prepared bucket
of salt pool water, and the net was examined to ensure that no organisms remained stuck in the
mesh. Each organism in the bucket was then identified to species level, and the number of each
species was recorded in a field notebook. Once counted, all organisms were returned alive into
the pool in which they were caught. Images of an individual of each species were taken using an
iPhone 8 cellphone camera and retained as vouchers.
Baited minnow traps were also deployed in several of the pools for 24 hours to ensure that all
species within the pools were being captured by the net. The minnow traps only caught two
species (mummichogs and one American eel), both of which had also been caught by the seine
net. Thus, we had confidence that our seine sampling technique was producing representative
biotic constituent data.
Each pool’s total species richness was determined by counting the number of species found
in each pool. The species richness of invertebrates and vertebrates were similarly determined.
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The R package vegan was used to calculate the Shannon and Simpson index values for each pool
(Oksanen et al. 2019; R Core Team, 2019). All necessary approvals were obtained for fish
sampling through from IACUC (IACUC #: 200601).
e) Analysis of Acoustic Data
Once each 24-hour recording period concluded, the SD cards were removed from the Tascam
recorders and the 24 hours of acoustic data were transferred to an external hard drive and
uploaded to the Cloud for backup (UNH Box). Five-minute clips from each hour of recording
were selected at random and extracted using Adobe Audition or Audacity software. Sound clips
were sampled with a minimum temporal segregation of at least 20 minutes apart. Each 5-minute
sound file was analyzed using six acoustic indices, including the ACI, ADI, AEI, BIO, H, and
NDSI, using the Soundecology package in R statistical software (be sure to cite R). Each of these
indices assigned a numeric value to each sound file based on the indices’ algorithm. Generally,
acoustic indices evaluate acoustic diversity based upon the number spectral bands exhibiting
suprathreshold sound signatures, and most require parameterization. Parameterization of acoustic
indices followed Dodgin et al (2020), and the median and maximum acoustic index values
obtained for each pool were used in analyses.
Table 1: Six acoustic indices used to investigate the soundscape of the Wells NTSPs. Each
acoustic index is uniquely parametrized to detect spectral, temporal or intensity nuances within
individual sound recordings. Table adapted from Dodgin et al. 2020.
Index
H
BIO

Original Publication
Entropy (Sueur et al. 2008)

Interpretation
Values range from 0-1, 0 = pure tone, 1 = numerous
even frequency bands. This index considers both
spectral and temporal entropy.
Bioacoustic Index (Boelman Considers sound intensity (dB) and spectral
et al. 2007)
diversity. Acoustically rich recordings with multiple
loud frequency bands would produce higher
numbers than less diverse low amplitude recordings.
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ACI

Acoustic Complexity Index
(Pieretti et al. 2011)

AEI

Acoustic Evenness Index
(Villanueva-Rivera et al.
2011)

ADI

Acoustic Diversity Index
(Villanueva-Rivera et al.
2011)
Normalized Difference
Soundscape Index (Kasten
et al. 2012)

NDSI

Considers sound intensity (dB) and recording length
in calculation. Designed to estimate avifauna
populations in areas of constant, low frequency
anthropogenic noise.
Values range from 0-1, 0 = an even acoustic
community, 1 = a diverse acoustic community. The
Gini index is applied to proportions of binned
frequencies to measure evenness of occupancy
distribution.
The Shannon Diversity Index is applied to 10 binned
frequencies of a sound file at 1000 Hz intervals.
Values in range from -1 to 1, where -1 =
predominant anthropogenic sounds and 1 =
predominant biotic sounds.

Kruskal-Wallis tests were used to determine whether the values from the acoustic indices
significantly differed by hour of day. Dunn’s tests were run on significant results to identify
hourly differences, including determining which hours exhibited the highest calculated index
values. Nonparametric Spearman Rho correlation tests were used to examine the relationships
between the acoustic index values. Spearman Rho tests were also used to examine the
relationship between the mean and maximum acoustic index values from each of the six indices
and the measured biological and physical attributes of the NTSPs. Generalized Linear Models
(GLMs) were used to model the relationship between the maximum and median values for all six
acoustic indices and the four abiotic variables (pool volume, connectivity, temperature, and
salinity), and seven biological variables (Total abundance, total vertebrate abundance, total
invertebrate abundance, mummichog abundance, glass shrimp abundance, species richness, and
biodiversity) measured for each NTSP.
Results
Biological sampling results
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A total of 7,476 organisms of eight different species were collected in 20 NTSPs between
July and September 2020. Fish species collected include Fundulus heteroclitus (mummichog),
Pungitius pungitius (nine-spined stickleback), Apeltes quadracus (four-spined stickleback)
Gasterosteus aculeatus (three-spined stickleback), Menidia menidia (Atlantic silverside), and
Anguilla rostrata (American eel). The two invertebrate species collected were Paleomonetes
vulgaris (common grass shrimp) and Carcinus maenas (Eurasian green crab). P. vulgaris
represented 63% of the total abundance observed in NTSP, while F. heteroclitus represented
34%. F. heteroclitus represented 95.7% of all fish species found, while P. vulgaris represented
97.5% of all invertebrates found. Of the organisms collected, 98.5% were resident species, while
the remaining 1.5% were transient. Sampling month did not influence total abundance (KruskalWallis Rank Sum, Chi-square approximation, Chi2 = 2.93. df = 2, p = 0.23), invertebrate
abundance (Chi2 = 1.28, df = 2, p = 0.52), vertebrate abundance (Chi2 = 2.09, df = 2, p = 0.35),
species richness (Chi2 = 3.37, df = 2, p = 0.18), or biodiversity (Chi2 = 0.7021, df = 2, p = 0.70).
Audio Recordings
A total of 1,440 five-minute clips recorded in 20 pools over three months were analyzed
using the six acoustic indices. These clips were taken from each hour of the 24-hour recordings
collected monthly in each pool and were analyzed for temporal patterns as well as for
relationships with abiotic and biotic characteristics of salt pools.
Acoustic Index Comparison
a. H Index
Spearman Rho rank correlation tests identified strong correlations between values
produced by the H index, the ADI, and NDSI index values (Table 2). The H index exhibited a
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strong negative correlation with the AEI index, and weaker negative correlations with the BIO
and ACI indices.
b. Bio index
The BIO index showed a strong positive correlation with the ACI index, a very weak
positive relationship with the ADI index, and weak negative relationships with the H and AEI
indices (Table 2). The BIO and NDSI indices did not produce correlated index values.
c. ACI Index
Aside from the strong correlation between the ACI and BIO indices, the ACI also
exhibited a weak positive relationship with the AEI Index, and weak negative relationships with
the H, NDSI, and ADI indices (Table 2).
d. AEI Index
The AEI index exhibited strong negative correlations with the H, ADI, and NDSI indices,
a very weak negative correlation with the BIO index, and a weak positive relationship with the
ACI index (Table 2).
e. ADI Index
The ADI Index showed strong correlations with both the H and NDSI indices, and a weak
negative correlation with the AEI index (Table 2). It also showed a very weak positive
relationship with the BIO index, and a weak negative relationship with the ACI index.
f. NDSI Index
The NDSI index produced values with strong positive correlations with both the H and
ADI Index, and a strong negative correlation with the AEI index (Table 2). It was also negatively
correlated with the ACI index, but had no relationship with values produced by the BIO index.
Table 2: Spearman Rho correlations between acoustic index values from all 1,440 five-minute
clips recorded over 24 hours in each of the 20 study pools in July, August, and September of
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2020. df=1438, p<0.05, nonsignificant relationships shown with ‘x’. Positive correlations are
highlighted in blue (Spearman Rho>0.5), while negative correlations highlighted in red
(Spearman Rho<-0.5). These data highlight occurrences of acoustic index values concurrence
and disagreement.
H
BIO
ACI
AEI
ADI
NDSI
H
-0.256
-0.489
-0.742
0.733
0.809
BIO
-0.256
0.756
-0.057
0.066
x
ACI
-0.489
0.756
0.205
-0.192
-0.321
AEI
-0.742
-0.057
0.205
-0.998
-0.774
ADI
0.733
0.066
-0.192
-0.998
0.767
NDSI
0.809
x
-0.321
-0.774
0.767
Acoustic Index values and biotic variables
The total abundance of organisms in each pool was positively correlated with ACI max
and median values, and with AEI max and median index values, and negatively correlated with
H max and median, ADI max and median, and NDSI max and median values (Tables 3 and 4).
BIO max and median were not correlated with total organism abundance. Total vertebrate
abundance and invertebrate abundance were both positively correlated with BIO max, ACI max
and median, and AEI median, while negatively correlated with H max and median, ADI max and
median, and NDSI median (Tables 3 and 4). NDSI max values correlated negatively with
invertebrate abundance, but not related to vertebrate abundance. AEI max values were positively
correlated with vertebrate abundance, but not related to invertebrate abundance (Tables 3 and 4).
The abundance of the two most prevalent NTSP species, mummichogs and grass shrimp, were
also examined for relationships with each acoustic index. Mummichog and grass shrimp
abundance were both positively correlated with BIO max, ACI max and median, and AEI max
and median, but negatively correlated with H max and median, ADI max and median, and NDSI
median values. NDSI max values were negatively correlated with glass shrimp abundance but
showed no relationship with mummichog abundance. BIO median was not related to glass
shrimp or mummichog abundance. Species richness was not related to any of the indices’ max
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values, but did show a positive relationship with AEI median, and a negative relationship with
ADI median values. Biodiversity had a significant positive relationship with BIO max values,
but did not significantly relate to any other indices.
Table 3: Significant Spearman correlations between biotic variables and maximum acoustic
index values, df=18, p<0.05. Nonsignificant relationships are signified by “x”.
H
BIO
ACI
AEI
ADI
NDSI
Total Organism
-0.480
x
0.259
0.298
-0.561
-0.313
Abundance
Total Vertebrate
-0.367
0.266
0.332
0.303
-0.455
x
Abundance
Total Invertebrate
-0.434
0.270
0.179
x
-0.484
-0.277
Abundance
Species Richness
x
x
x
x
x
x
Biodiversity
x
0.272
x
x
x
x
Glass Shrimp
-0.435
0.275
0.174
0.232
-0.467
-0.306
Abundance
Mummichog Abundance
-0.333
0.278
0.361
0.283
-0.419
x
Table 4: Significant Spearman correlations between biotic variables and median acoustic index
values, df=18, p<0.05. Nonsignificant relationships are signified by “x”.
H
BIO
ACI
AEI
ADI
NDSI
Total Organism Abundance -0.417
x
0.381
0.491
-0.496
-0.551
Total Vertebrate
-0.369
x
0.388
0.447
-0.444
-0.477
Abundance
Total Invertebrate
-0.344
x
0.295
0.399
-0.408
-0.443
Abundance
Species Richness
x
x
x
0.361
-0.361
x
Biodiversity
x
x
x
x
x
x
Glass Shrimp Abundance
-0.324
x
0.249
0.388
-0.395
-0.451
Mummichog Abundance
-0.345
x
0.403
0.435
-0.433
-0.467
Acoustic Index values and abiotic variables
While pool volume and temperature were significantly related to several of the maximum
and median acoustic indices’ values, pool connectivity and salinity were not. Spearman tests
revealed positive correlations between pool volume and the BIO max, ACI max and median, and
AEI max and median index values, and negative correlations between pool volume and H max
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and median, ADI max and median, and NDSI max and median index values (Tables 5 and 6).
Temperature was not positively associated with any of the index values, but was negatively
associated with H max and median, ADI max, and NDSI max (Tables 5 and 6).
Table 5: Significant Spearman correlations between each abiotic variable and maximum acoustic
index values, df=18, p<0.05. Nonsignificant relationships are signified by “x”.
H
BIO
ACI
AEI
ADI
NDSI
Pool Volume
-0.516
0.283
0.283
0.283
-0.539
-0.356
Pool
x
x
x
x
x
x
Connectivity
Temperature
-0.316
x
x
x
-0.347
-0.305
Salinity
x
x
x
x
x
x
Table 6: Significant Spearman correlations between each abiotic variable and median acoustic
index values, df=18, p<0.05. Nonsignificant relationships are signified by “x”.
H
BIO
ACI
AEI
ADI
NDSI
Pool Volume
-0.431
x
0.4077
0.285
-0.288
-0.406
Pool
x
x
x
x
x
x
Connectivity
Temperature
-0.328
x
x
x
x
x
Salinity
x
x
x
x
x
x
Multivariate modeling
GLMs were run on the maximum and median values for all six acoustic indices
individually with the four abiotic variables (pool volume, connectivity, temperature, and
salinity), and seven biological variables (total abundance, total vertebrate abundance, total
invertebrate abundance, mummichog abundance, glass shrimp abundance, species richness, and
biodiversity) combined. Significant models were found for BIO max, ADI max and median, and
ACI max and median. No significant models were found for the H Index, AEI Index, NDSI
Index, or BIO median index values. Significant GLM variables in this section are reported in
descending order of influence in the models.
a. BIO Index
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We found that the best GLM for BIO max (AIC= 476.952) included the effects of five of
the ten variables (Chi2=82.517, df=6, p=<0.0001) listed from most to least important to model
fit: connectivity, biodiversity, glass shrimp abundance, total invertebrate abundance, pool
volume, and temperature. The GLM for BIO median was not significant.
b. ADI Index
The best GLM for ADI max (AIC=191.074) included only the effects of total vertebrate
abundance, and mummichog abundance (Chi2=9.803, df=2, p=0.0074). The GLM for ADI
median (AIC=122.953) included the effects of species richness, mummichog abundance, and
temperature (Chi2=17.658, df=3, p=0.0005).
c. ACI Index
The best GLM for ACI max (AIC=2185.912) included the effects of eight of the ten
variables (Chi2=333.284, df=8, p=<0.0001): mummichog abundance, total vertebrate abundance,
salinity, biodiversity, connectivity, glass shrimp abundance, total invertebrate abundance, and
species richness. The GLM for ACI median (AIC=750.522) also found that mummichog
abundance influenced the model most robustly, along with pool volume, connectivity, and
species richness (Chi2=33.847, df=4, p=<0.0001).
Temporal patterns
Diel patterns were evident in the hourly distribution of acoustic index values for all six
indices (listed from highest to lowest Chi-square approximation values from Kruskal-Wallis rank
sum tests): ACI: Chi2=288.0212, df=23, p<0.0001; H: Chi2=194.17, df=23, p=<0.0001; NDSI:
Chi2= 146.466, df=23, p=<0.0001; BIO: Chi2= 84.292, df=23, p=<0.0001; AEI: Chi2=62.771,
df=23, p=<0.0002; ADI: Chi2=61.272, df=23, p=<0.0001. Dunn tests identified greater BIO and
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ACI values between 12-3pm, and greater NSDI and H values between 9-11pm (p<0.05). Post
hoc Dunn’s tests did not identify hourly differences in ADI and AEI index values (p>0.05).

Figure 1: Average ACI Index hourly distribution showing peak sound production occurring
during mid-day.
Discussion
Field and acoustic sampling during the summer season identified relationships between
NTSP soundscapes (quantified using acoustic indices) and both biotic and abiotic pool
characteristics. The 24-hour sampling period in each NTSP also revealed that temporal patterns
of acoustic diversity are a characteristic of these aquatic habitats. Finding a single acoustic index
that accounts for all facets of biodiversity is impossible due to the complexity and uniqueness of
all habitats, both terrestrial and aquatic (Sueur et al. 2014). Six acoustic indices were used in this
study to determine which species (if any) produce values that relate to species composition
and/or the abiotic characteristics of NTSPs. It is also important to consider that factors such as
transitory or permanent background noise, variation in distance of animals from the hydrophone,
the relative intensity and calling repetition of sound producing estuarine animals, and the
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frequency of overlap between sounds from different sources may affect the values produced by
each index in different ways (Sueur et al. 2014).
Biotic soundscape
This study determined that NTSP soundscapes are influenced to a degree by all seven
measured biological components. The BIO, AEI, and ACI indices showed positive relationships
with several of these variables and are therefore likely the most useful in assessing the biological
components of NTSPs when using sound as a proxy measure for biological composition. While
studies have used some of the acoustic indices to assess species richness, biodiversity, and
individual species vocalizations in marine habitats, typically only one or two of the indices were
used in each paper, making it difficult to accurately compare the performance of all six across
different marine habitats (Mcwilliam & Hawkins 2013; Kaplan et al. 2015; Bertucci et al. 2016;
Staaterman et al. 2017).
a. Abundance
The AEI index, which most accurately related to the total abundance of organisms in
each pool, was designed to detect the level of unevenness among frequency bands, when there is
a greater sound intensity within a restricted range of frequencies (Bradfer-Lawrence et al. 2019).
The observation of this index covarying significantly with the overall number of organisms in
each pool implies that this type of uneven communication within narrow frequency ranges might
be characteristic of NTSP soundscapes. The ADI Index, which was designed to detect more even
communication across all frequency bands, had a strong negative correlation with total
abundance. This lends further support to the conclusion that NTSP animals largely utilize
spectrally diverse (or uneven as noted in the ACI literature) communication across a narrow
range of frequencies.

79

Since grass shrimp made up a vast majority of sampled invertebrates, the two variables
responded similarly with respect to relationships with index values. The same is true for
mummichogs and vertebrate abundance. The best predictors of mummichogs and grass shrimp
abundance were the AEI and ACI indices. As these two species made up 97% of all sampled
species, it is likely that they make up a dominant component of their soundscape, despite a dearth
of research into their sound producing capabilities. The strong correlation between AEI values
and the abundance of these two species implies that both species tend to communicate unevenly,
and in a limited range of frequency bands. A study done in the US Virgin Islands found that AEI
values were largely driven by shrimp vocalizations and had much weaker correlations with fish
vocalizations (Kaplan et al. 2015). While my findings indicate a strong correlation between the
AEI index and both shrimp and invertebrate abundance, they also indicate an equally strong
correlation between the AEI values and both mummichog and vertebrate abundance.
The ACI index, like the AEI index, was designed to detect a level of unevenness (spectral
heterogeneity) in soundscapes, but also includes sound intensity (dB) and recording length in its
calculations. The strong correlation between the ACI index and greater abundances of the two
most prevalent pool species might suggest that these species produce inherent irregularity in their
biophony, rather than producing consistent sound that fills the entire spectrogram (like cicadas,
which produce a broadband signal) (Bradfer-Lawrence et al. 2019). The GLM for the ACI index
showed mummichogs as having the most robust influence on the model, which could imply that
mummichogs produce greater levels of amplitude modulation the sound they produce than do
grass shrimp. The study done in the US Virgin Islands also included the ACI index in the
analyses but found no correlation between the ACI index values and species assemblage
measurements at the study reefs (Kaplan et al. 2015). However, another study done off the
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southwest coast of Ireland found that ACI index values strongly correlated with the number of
snapping sounds produced by pistol and snapping shrimp (family Alpheidae; Mcwilliam &
Hawkins 2013). These differences in index responses could relate to the different types of sounds
produced by differing community constituents in different marine settings, and highlights the
challenges of extending the findings of acoustic studies to differing habitats.
b. Species richness
The only acoustic index that correlated positively with species richness was the AEI
index, although this biological measure emerged as important in the GLM for the ACI index as
well. As both indices respond to heterogeneity in sound recordings in different ways, it is
possible that they were responding to or differentiating between sounds made by different
species (Sueur et al. 2014). Several other studies have also reported a direct relationship between
acoustic heterogeneity/diversity and species richness (Depraetere et al. 2012; Towsey et al. 2014;
Rajan et al. 2019). Although no studies have compared AEI index values to species richness in
marine habitats, a study conducted in a South Pacific coral reef found that the ACI index was
useful for evaluating species richness in marine soundscapes, as ACI values positively correlated
with the number of fish species counted in visual surveys (Bertucci et al. 2016). A study done in
rocky reefs in Northern New Zealand also found a strong correlation between ACI index values
and fish species richness (Harris et al. 2016). However, the lack of a significant univariate
relationship in the current study between the ACI index values and species richness indicate that
this finding cannot be generalized to all marine habitats.
c. Biodiversity
Although all six acoustic indices were originally developed to quantify soundscape
diversity, only BIO max exhibited a significant univariate relationship with biodiversity.
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However, in the GLMs, biodiversity was the second most important variable in the BIO max
model, and fourth in the ACI max model. As the BIO index was designed to look at both the
amplitude and occupied frequency bands of audio recordings, and utilizes the Shannon Diversity
Index, its enhanced ability to relate to the biodiversity of NTSPs over the other indices is
expected (Dodgin et al. 2019). Unfortunately, no studies have been conducted in marine habitats
that examine the relationship between biological diversity and calculated BIO index values. The
influence of biodiversity on the response of the ACI index has been documented in other marine
studies previously, however. A study on a reef in French Polynesia found that ACI values in the
low frequency band were positively correlated with the number of fish species counted during
the visual surveys (Bertucci et al. 2016). As with species richness, no significant univariate
relationship was found in the current study between biodiversity and ACI index values. The ACI
index was also used to evaluate marine biodiversity on the Caribbean side of Panama, but
because ACI values increase with the unevenness of a signal, the overlapping nature of toadfish
calls increased the monotony of the signal, leading to lower ACI values, and ultimately a lack of
significance between ACI values and biodiversity (Staaterman et al. 2017). This finding implies
that the ACI index is not ideal for identifying biodiversity in areas where one or several species
vocalize with overlapping broadband calls.
Abiotic soundscape
It is important to consider that acoustic communication is potentially constrained by
certain habitat characteristics (Endler 1993; Bormpoudakis et al. 2013). These characteristics can
include background noise (either biological, geophysical, or anthropogenic), attenuation
properties, absorption, distance, and ambient temperature (Endler 1993). This study found that
NTSP soundscapes are influenced by several physical features of the salt pool environment. Of
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these features, pool volume appeared to have the most significant effect on the soundscape,
correlating positively with three of the six acoustic indices (BIO, ACI, and AEI), and exerting
the greatest influence on the GLM for the BIO index. As larger NTSPs tend to have a greater
abundance of organisms, it is possible that this is reflected in their greater acoustic diversity (S.
Licht Chapter 1 Data). This greater acoustic diversity in larger NTSPs is likely due to the greater
habitat availability and niche breadth that are characteristic of larger habitats.
While pool temperature did not correlate positively with any of the acoustic index values,
it did correlate negatively with the H, NDSI, and ADI indices. Although these indices were not
good indicators of NTSP biotic characteristics, these negative correlations do coincide with the
negative correlations between these indices and those that more accurately predicted the
abundance and species richness of NTSP species (ACI and AEI indices). In ectothermic animals,
physiological processes depend on the surrounding temperature, leading to the assumption that
both sound production and detection in fish and invertebrates are affected by temperature (Papes
& Ladich 2011). Several studies on fish communication showed that temperature can affect the
sound duration, dominant frequency, and/or sound pressure levels of fish vocalizations (Toricelli
et al. 1990; Connaughton et al. 2000; Papes & Ladich 2011). Although mummichogs are a
generalist species, capable of surviving in temperatures from -1.5 to 36.3°C and experiencing a
mean seasonal temperature range of -1 to 15°C, some aspects of their behavior such as gonadal
development, predator escape, and muscle performance are impacted by temperature to varying
degrees (Sidell et al. 1983; Knieb et al. 1986; Shimizu 2003; Collar et al. 2020). Further studies
into mummichog sound production in general, as well as how temperature variation influences
sound production, are necessary to understand the full extent of their acoustic behavior and its
relationship with NTSP thermal environments.
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Although pool connectivity did not significantly interact with the acoustic index variables
in any of the univariate analyses, it was the most robust predictor of BIO max in the GLM
model. As BIO max was the best predictor of biodiversity, and NTSP biodiversity has been
observed to increase with habitat connectivity, this finding supports the utility of the BIO max
index in predicting biodiversity in this habitat (S. Licht Chapter 1 Data).
Temporal patterns
Hourly variation in soundscapes were detected across all six indices, but this variation
was greatest in the ACI, H, and NDSI indices. As the ACI index was the most representative of
NTSP biological components, the patterns revealed by this index are possibly the most useful in
tracking diel patterns of soundscape variation in NTSPs. Analysis showed that the highest ACI
values occurred between 12-3pm, around mid-day, while the lowest values occurred from 911pm. This implies that NTSP species produce sound most actively during the day and begin to
reduce acoustic activity after sunset. No published research has been done on the diel behavior of
grass shrimp, but studies on the temporal acoustic patterns of snapping shrimp in a North
Carolina estuary found greater vocalization rates at night, likely as a mechanism of reducing
predation risk (Ricci et al. 2016). Since adult grass shrimp living in NTSPs have few fish
predators (as fish prefer smaller, more manageable prey) this pattern may reflect either natural
daily activity patterns or temporal patterns under relaxed predation pressures as compared to
those experienced in the open estuary (Kneib 1986). Mummichogs tend to feed most actively at
high tide during daylight hours, but are largely opportunistic, irrespective of tidal patterns when
confined to salt pools (Abraham 1985). Mummichogs spawn with semi-lunar periodicity,
spawning during the spring tide so they can lay their eggs higher in the marsh away from marine
predators (Abraham 1985; Hunter et al. 2007), but in this study recordings were not taken during
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spring tides to avoid the masking noise produced by tidal influx. As a result, this nocturnal
spawning activity was not observed in the current study.
Conclusions
Several of the Soundecology acoustic indices tested in this study did correspond with
variation in the abiotic and biological components of NTSP habitats. However, the dearth of
information on their utility in other estuarine, and most marine habitats leads to the conclusion
that much more research needs to be done before acoustic indices alone can be used to accurately
predict the abundance, species richness, and biodiversity of aquatic habitats. Another limit to
passive acoustic monitoring in marine settings is that many animal sounds, including those of the
organisms surveyed in this study, are still unknown (Staaterman et al. 2017). Investigating the
sound production capabilities of these species in a lab setting could lend insight into their
acoustic behavior, as well as how their production of sound influences the broader acoustic
communities found in NTSP habitats. The combination of bioacoustic and biological
surveillance utilized in this study did reveal that NTSP soundscapes do vary in concert with the
environment’s physical structure and faunal composition and represent another habitat type
where acoustic signatures reflect the uniqueness of the ecosystem.
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Appendix 1: Spearman correlations between acoustic indices max and median values and biotic
variables
Index
Biotic Variable
Spearman Rho
P Value
Total Organism
-0.4804
0.0001
Abundance
Total Vertebrate
-0.3667
0.0040
Abundance
Total Invertebrate
-0.4340
0.0005
H Max
Abundance
Species Richness
Not Significant
0.0583
Biodiversity
Not Significant
0.8127
Glass Shrimp
-0.4353
0.0005
Abundance
Mummichog
-0.3328
0.0094
Abundance
Total Organism
-0.4166
0.0009
Abundance
Total Vertebrate
-0.3691
0.0037
Abundance
Total Invertebrate
0.3441
0.0071
H Median
Abundance
Species Richness
Not Significant
0.1531
Biodiversity
Not Significant
Glass Shrimp
-0.3237
0.0116
Abundance
Mummichog
-0.3451
0.0069
Abundance
95

BIO Max

BIO Median

ACI Max

Total Organism
Abundance
Total Vertebrate
Abundance
Total Invertebrate
Abundance
Species Richness
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Glass Shrimp
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Mummichog
Abundance
Total Organism
Abundance
Total Vertebrate
Abundance
Total Invertebrate
Abundance
Species Richness
Biodiversity
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Mummichog
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Not Significant

0.0501

0.2664

0.0396
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0.0371

Not Significant
0.2724
0.2748

0.1952
0.0353
0.0336
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0.0318

Not Significant
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Not Significant
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Not Significant
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Not Significant
Not Significant
Not Significant
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Not Significant

0.0684
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Not Significant
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Not Significant
Not Significant
Not Significant
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0.3814

0.0026
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AEI Max
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0.3876

0.0022

0.2950

0.0221

Not Significant
Not Significant
Not Significant

0.7066
0.3647
0.0546

0.4034

0.0014

0.2984

0.0206

0.3026

0.0188

Not Significant

0.0818

Not Significant
Not Significant
Not Significant

0.3882
0.6214
0.0747

0.2832

0.0283

0.4913

<0.0001

0.4468

0.0003

0.3992

0.0016

0.3606
Not Significant
0.3878

0.0046
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0.0022

0.4349
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ADI Median
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NDSI Median
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Glass Shrimp
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Mummichog
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Abundance
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Mummichog
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Total Organism
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Species Richness

-0.4842

<0.0001

Not Significant
Not Significant
-0.4670
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0.0002
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0.0009
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<0.0001

-0.4443

0.0004

-0.4083

0.0012

-0.3614
Not Significant
-0.3949

0.0045
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0.0018

-0.4325

0.0006

-0.3131

0.0148

Not Significant

0.0923

-0.2773

0.0319

Not Significant
Not Significant
-0.3064

0.2565
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0.0172

Not Significant
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<0.0001

-0.4773

0.0001

-0.4425

0.0004

Not Significant

0.0636
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Glass Shrimp
Abundance
Mummichog
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Not Significant
-0.4505

0.5673
0.0003

-0.4674
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Appendix 2: Spearman correlations between acoustic indices max and median values and abiotic
variables
Index
Abiotic Variable
Spearman Rho
P Value
Pool Volume
-0.5151
<0.0001
H Max
Pool Connectivity
Not Significant
0.6105
Temperature
-0.3156
0.0140
Salinity
Not Significant
0.1298
Pool Volume
-0.4313
0.0006
H Median
Pool Connectivity
Not Significant
0.1830
Temperature
-0.3276
0.0106
Salinity
Not Significant
0.0621
Pool Volume
0.2826
0.0287
BIO Max
Pool Connectivity
Not Significant
0.9707
Temperature
Not Significant
0.6571
Salinity
Not Significant
0.9877
Pool Volume
Not Significant
0.1108
BIO Median
Pool Connectivity
Not Significant
0.3699
Temperature
Not Significant
0.4646
Salinity
Not Significant
0.2356
Pool Volume
0.2826
0.0287
ACI Max
Pool Connectivity
Not Significant
0.7430
Temperature
Not Significant
0.2501
Salinity
Not Significant
0.1797
Pool Volume
0.4077
0.0012
ACI Median
Pool Connectivity
Not Significant
0.1114
Temperature
Not Significant
0.1106
Salinity
Not Significant
0.0687
Pool Volume
0.2832
0.0283
AEI Max
Pool Connectivity
Not Significant
0.2172
Temperature
Not Significant
0.2313
Salinity
Not Significant
0.2763
Pool Volume
0.2849
0.0274
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AEI Median

ADI Max

ADI Median

NDSI Max

NDSI Median

Pool Connectivity
Temperature
Salinity
Pool Volume
Pool Connectivity
Temperature
Salinity
Pool Volume
Pool Connectivity
Temperature
Salinity
Pool Volume
Pool Connectivity
Temperature
Salinity
Pool Volume
Pool Connectivity
Temperature
Salinity

Not Significant
Not Significant
Not Significant
-0.5393
Not Significant
-0.3469
Not Significant
-0.2877
Not Significant
Not Significant
Not Significant
-0.3562
Not Significant
-0.3054
Not Significant
-0.4056
Not Significant
Not Significant
Not Significant
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0.2750
0.2240
0.9998
<0.0001
0.7220
0.0066
0.1855
0.0258
0.3253
0.2215
0.9719
0.0052
0.5616
0.0177
0.0866
0.0013
0.3240
0.0656
0.3157

Conclusion and Future Directions
The species composition of northern temperate salt marsh pools within the WNERR was
examined through the lens of island biogeography theory using both biological surveillance and
acoustic methods during the summer months of 2020. Overall, these results indicate that pool
size has a positive influence on both the abundance of organisms and species richness of NTSPs,
while pool connectivity, measured as distance from a tidal creek, has a negative influence on
NTSP biodiversity. In short, larger pools that are more connected to the estuary through tidal
creeks have a higher abundance, species richness, and biodiversity. These significant
relationships show that island biogeography theory is useful in informing our understanding of
the compositional structure of species living in these unique estuarine habitats. These findings
have clear implications for salt marsh conservation, as they show that larger NTSP pools support
greater abundances of species, and that maintaining connectivity between tidal creeks and
NTSPs can help to preserve species biodiversity.
Salt marshes are complex ecosystems that remain poorly understood. Their prime
locations on New England’s coasts make them vulnerable to human encroachment and alteration,
as they have historically been tidally restricted by dams, converted for agriculture and port
development, ditched for mosquito control, polluted by industrial runoff, and used for refuse
disposal (Gedan et al. 2011). Such alterations have been more prevalent in the marshes of
southern New England, which now experience a rarity of salt marsh pools (Ewanchuk &
Bertness 2004). Salt pools are an essential component of salt marsh habitats because they serve
as a nutrient link between salt marshes and nearby estuaries. Salt marsh inhabitants travel
regularly between pools and estuaries and provide key prey items to both terrestrial and marine
predators. Many salt marsh die-offs that have been documented can be attributed to the loss of
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salt pools and the nutrient facilitation that they enable. In order to ensure the health of salt marsh
habitats, their natural drainage, connectivity, and water retention in pools must be protected from
human encroachment.
The acoustic assessment of salt pool species using Soundecology and Seewave acoustic
indices found that the AEI, ACI, and BIO index values in some cases co-varies with the
abundance, richness, and biodiversity of NTSP animal populations. Although these indices were
originally designed for terrestrial use to quantify the diversity of sound driven mostly by calling
avian species, their application to a wider variety of both terrestrial and marine habitats have
been supported to some degree. The AEI and ACI indices are able to identify salt pools with a
higher abundance of organisms, and the AEI index is able to identify pools with a higher species
richness. The BIO index’s maximum values correlated with pools that had a higher biodiversity.
The strongest predictor of both NTSP abundance and species richness was pool volume,
which had a higher correlation with these variables than any of the acoustic indices. The best
predictor of NTSP biodiversity was pool connectivity, which had the highest Spearman
correlation of any of the variables tested, including the BIO max index values. Data on pool size
and connectivity offer a rapid and robust way to predict the abundance and species composition
of organisms living in NTSPs, while avoiding invasive biological sampling that can impact
vulnerable species.
Increasing the utility of acoustic indices in aquatic environments will be advanced by the
development of indices that are intended solely for aquatic use, as there as many differences
between sound transmission through air and water. There is also much less information on the
acoustic communication of marine and estuarine species than on terrestrial species. As the
acoustic indices used in this study were parameterized based on terrestrial species, which call at
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different frequencies, rates, and sound pressure levels than marine species, they may not be
responding to complexity in marine soundscapes in an optimal fashion. Several previous marine
studies have failed to find clear relationships between biodiversity and these terrestrial-derived
acoustic indices (Staaterman et al. 2017; Buxton et al 2018; Mooney et al. 2020). While some of
these indices did show clear relationships with the biological variables monitored in the current
study, the strength of these relationships was variable. Creating new acoustic indices that are
specific to small, confined aquatic environments like NTSP and freshwater ponds might require
accounting for the spectral overlap of biological signals produced by frequently calling
organisms, anthropogenic sounds transmitted via air, water and/or the substrate, as well as
temporal variation in the calling activity of single dominant sound producing species (Mooney et
al. 2020). These indices would also need to be parameterized to account for the ambient
geophony specific to marine settings, such as wave activity and precipitation sounds. Creating
new acoustic indices that are intended for use in confined aquatic habitats will enable us to apply
these uniquely powerful tools to study and monitor marine species in a non-invasive way.
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